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Abstract 

The crystal structure of  recombinant  human  triosephosphate isomerase (hTIM) has been determined complexed 
with the transition-state  analogue 2-phosphoglycolate at a  resolution of 2.8 A. After  refinement,  the R-factor is 
16.7% with good geometry. The asymmetric unit contains 1 complete dimer of 53,000 Da, with only 1 of the sub- 
units binding the inhibitor. The so-called flexible loop, comprising residues 168-174,  is in its “closed” conforma- 
tion in the subunit that binds the inhibitor, and in the  “open”  conformation in the  other subunit.  The tips of the 
loop in these 2 conformations differ up  to 7 A in position.  The RMS difference between hTIM and the enzyme 
of Trypanosoma brucei, the causative agent of  sleeping sickness, is  1.12 A for 487 C a  positions with 53% sequence 
identity. Significant sequence differences between the  human  and parasite enzymes occur at  about 13 A from  the 
phosphate binding site. The chicken and human enzymes have an RMS difference of 0.69 A for 484 equivalent 
residues and  about 90% sequence identity.  Complementary  mutations  ensure  a  great similarity in the packing of 
side chains in the core of the P-barrels of these 2 enzymes. Three  point  mutations in hTIM have been correlated 
with severe genetic disorders ranging from hemolytic disorder to neuromuscular  impairment. Knowledge of the 
structure  of the  human enzyme provides insight into  the probable effect of 2 of these mutations, Glu 104 to Asp 
and  Phe 240 to Ile, on  the enzyme. The  third mutation reported to be responsible for a genetic disorder, Gly  122 
to  Arg, is however difficult to explain. This residue is far away from both catalytic centers in the  dimer,  as well 
as from  the dimer interface, and seems unlikely to affect stability or activity. Inspection of the 3-dimensional struc- 
ture of trypanosomal  triosephosphate isomerase, which has a methionine at position 122, only increased the mys- 
tery of the effects of the Gly to Arg  mutation in the  human enzyme. 
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Triosephosphate isomerase (TIM) is one of the glycolytic en- 
zymes and catalyzes the interconversion of D-glyceraldehyde 
3-phosphate (GAP) and dihydroxyacetone phosphate. TIM has 
been found to occur in all organisms wherever it has been looked 
for (Lolis et al., 1990). It is an essential component of the gly- 
colytic pathway.  Its deficiency has been shown to enhance lev- 
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els  of dihydroxyacetone phosphate in humans and cause chronic 
anemia and neuromuscular impairment ( D m  et al., 1986; Eber 
et al., 1991). Due  to its important place in glycolysis, TIM also 
forms an attractive  target for drug design against parasites that 
have the ability to survive in the mammalian bloodstream. Among 
the various diseases currently ravaging the tropical world, those 
due  to such parasites are some of the most serious ones (e.g., 
malaria and sleeping  sickness). Control of these diseases  is pres- 
ently a  major  problem and has been a focus of attention of var- 
ious agencies, including the World Health Organization (WHO, 

810 



Recombinant human triosephosphate isomerase 811 

1992). Blood sugar is the main source of energy for these para- 
sites (Fairlamb, 1989), and  thus it is hoped that blocking of 
glycolysis  may lead to elimination of these parasites from  the 
bloodstream. 

TIM has been the subject of extensive biophysical and bio- 
chemical studies. Its catalytic properties have  been  studied in de- 
tail,  and  it  has been established that  the reaction  rates are 
diffusion  controlled, thus implying that the evolution of TIM 
as an enzyme has been nearly perfect (Knowles & Albery, 1977). 
Structural studies of TIMs  in complex with transition-state  an- 
alogues (Lolis & Petsko, 1990; Davenport et al., 1991), site- 
directed mutagenesis experiments (Blacklow et al., 1991), and 
quantum mechanical and molecular mechanical studies (Bash 
et al., 1991) have established its catalytic mechanism in detail. 
Historically, TIM also revealed for the first time one of the com- 
monly used protein folds repeatedly observed in a diverse set of 
enzymes when the crystal structure of chicken TIM was eluci- 
dated (Banner et al., 1975). These enzymes follow an 8-fold re- 
peat of a /3-loop-a, or more appropriately a-loop-p, motif (Urfer 
& Kirschner, 1992). The active sites of all these enzymes are in- 
variably located at  the C-termini of the barrel (Branden, 1991). 
These and  other observations have led to  an intense debate re- 
garding the evolution of TIM  barrel enzymes (Farber, 1993). 
Due to the unique structural properties, the TIM barrel has been 
the subject of interesting engineering experiments, such as de- 
signing of a synthetic TIM barrel (Goraj et al., 1990) or the ex- 
change of a /3a unit between TIMs  from  different species 
(Mainfroid et al., 1993). 

Structurally, TIMs form a well-characterized family. To  date, 
X-ray crystal structures of TIMs from 4  different sources- 
namely, chicken (Banner et al., 1975),  yeast  (Alber  et al., 1981), 
the sleeping sickness parasite Trypanosoma brucei (Wierenga 
et al., 1991b), and Escherichiacoli (Noble et al., 1993b)-have 
been elucidated. Trypanosoma1 TIM has been studied to ana- 
lyze structural changes involved during ligand binding (Noble 
et al., 1991;  Verlinde et al., 1991;  Wierenga  et al., 1991a). These 
investigations have established that  the flexible loop of about 
8 residues closes  when binding smaller ligands but not when 
larger inhibitors are bound (Verlinde et al., 1991). This struc- 
tural information has been  used to design putative inhibitors of 
the enzyme from T. brucei (Verlinde et al., 1992a). The crystal 
structure of human TIM (hTIM) offers the possibility for a com- 
parative study with trypanosoma1 TIM structure in order to de- 
sign specific inhibitors rationally. We also hope that the hTIM 
structure would aid designing specific inhibitors of TIMs from 
other parasites, which depend crucially on glycolysis. 

TIM is a homodimeric enzyme consisting of around 250 res- 
idues. It does not contain any metal ion or cofactor, nor is there 
any evidence of allostery or cooperativity among  subunits im- 
portant  for its function.  The numbering scheme used  in this pa- 
per corresponds to the  hTIM sequence (Maquat et al., 1985), 
unless otherwise specified, from 1 to 248 for monomer 1 and 
from 301 to 548 for monomer 2. A total of  56 residues  have  been 
shown to be conserved through  evolution, based on sequence 
comparison of  13 known sequences (Wierenga et al., 1992). 
Most of these residues are either part of,  or are in the neighbor- 
hood of,  the active site. The dimer interface is formed mainly 
by loops  1,  2,  and 3  (following the definition of loops  in 
Wierenga et  al. [1991a]).  Residues important  for  the activity re- 
side in loops 5 , 6 ,  and 7. Loop 6, also called the “flexible loop,” 
undergoes a remarkable  conformational change upon ligand 

binding (Alber et al., 1981; Wierenga et al., 1991a). The tip of 
the loop moves by as much as  7 A to  form a lid over the  bound 
ligand. We report in this paper the overexpression of hTIM in 
E. coli and  the crystal structure of recombinant hTIM in com- 
plex  with an inhibitor, 2-phosphoglycolate (ZPG), refined at 
2.8 A resolution (Kinemage 1). 

Results and discussion 

Overexpression and steady-state kinetics 

Recombinant hTIM was overproduced in E. coli with an opti- 
mal production  obtained  after  a 12-h induction. Using the  pu- 
rification protocol described in the Materials and methods, we 
obtained about 100  mg  of hTIM per liter of bacterial culture, 
with a degree of purity higher than  95%. 

The recombinant hTIM was assayed for activity with GAP 
as substrate. The steady-state kinetic parameters are listed in Ta- 
ble l .  The specific activity of recombinant hTIM is 9,800 units/ 
mg, which  is in good agreement with the values previously ob- 
tained with natural hTIM (Lu et al., 1984). 

Quality of the structure 

The refinement statistics are shown in Table  2. The RMS differ- 
ence  between all the main-chain coordinates of the starting and 
the final model is 1.06 A. The Ramachandran plot (Ramachan- 
dran & Sasisekharan, 1968) of the final model (Fig. 1) shows 5 
residues lying outside the allowed region. Three of these have 
high B-factor values:  (1)  Ser  303,  which  is  close to the N-terminal 
of subunit 2  and is not very  well defined in the electron density; 
the corresponding residue in subunit 1, Ser 3, however, has al- 
lowed 4,1c/ angles; (2) Ala 546,  which  is  close to the C-terminus 
of subunit 2; again, corresponding Ala 246  of subunit 1 has al- 
lowed main-chain dihedral angles as well as lower temperature 
factors; (3) Cly 171,  which belongs to the flexible loop of sub- 
unit 1. Two of the 5 deviating  residues,  Lys 13 and Lys  313, have 
low B-values. These residues are known to be essential compo- 
nents of the active sites in all known TIMs (Fothergill-Gilmore 
& Michels, 1993). This lysine residue probably has to  adopt  an 
unusual conformation for positioning its side chain at  a very pre- 
cise location in the active  site,  in  agreement  with a study by Herz- 
berg and Moult (1991)  which reports that residues  with  deviating 
stereochemistry  tend to cluster  near  active  site  regions  in proteins. 

Structural features of human TIM 

Overall comparison of monomers 
The overall structure of hTIM shown schematically in Fig- 

ure 2 and Kinemage 1 resembles, as expected, structures of other 

Table 1. Steady-state kinetic parameters of 
recombinant hTIM 

K ,  (GAP) (mM) 0.49 
kc,, (min-I) 2.1 X 105 
k,,,/K, (min-I mM”) 5.5 X 105 
Ki (2-PG) (PM) 7.4 
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Table 2.  Refinement statistics 

Resolution range (A) 
Number of reflections 
Number of protein atoms 
Number of inhibitor atoms 
R-factor 
Geometric  parameters 

RMS bond length deviation (A) 
RMS bond  angle deviation (degrees) 
RMS dihedral  angle deviation (degrees) 
RMS improper  angle deviation (degrees) 

8.0-2.8 
9,625 
3,138 
9 
0.167 

0.019 
3.8 
25.5 
I .59 

TIMs (Wierenga et al., 1992). Minor structural differences oc- 
cur in the  loop regions, particularly those in the vicinity of the 
active  site. The 2 monomers of the refined  model superpose with 
a 0.49-A RMS difference between 237 pairs of equivalent C” 
atoms. Eight residues of the flexible loop (168-175) and 2 
N-terminal residues are  the only residues that deviate by more 
than 3 A, as shown in Figure 3 (see Kinemage 2). The 2 confor- 
mations of the  loop signify the well-known “open”  and “closed” 
loop conformations (Alber et al., 1981). Average main-chain B- 
factors for  the 2 subunits are 13.9 and 18.5 A’, respectively. 
Admittedly, the estimation of temperature factors at  the limited 
resolution of 2.8 A is not very reliable, so this difference will 
not be discussed further.  The first 3 residues in both  subunits 
are poorly defined in the electron density. The flexible loop res- 
idues of the second subunit also show high temperature  factors 
with an average of 44.2 A’. The 2 monomers are related by a 
near perfect 2-fold symmetry with 179.6” rotation  and a trans- 
lation  component of 0.11 A along the 2-fold axis. 

~...”””.”” ’.....-.----... 
-180 .I20 

, .. . . I: 

-60 

Fig. 1. Ramachandran plot of the refined hTlM structure.  Open cir- 
cles denote glycine residues, and the prolyl residues are indicated in tri- 
angles. Residues lying outside  the allowed limits are marked (see text 
for details). 

Fig. 2. Schematic ribbon diagram of hTIM drawn using MOLSCRIPT 
(Kraulis, 1991) showing the inhibitor (2-PG) and  the catalytic residues. 
The sites of thermolabile  mutants, 104, 122, and 240, which cause ge- 
netic disorders in humans, are also  indicated. The highlighted loop un- 
dergoes large conformational changes upon ligand binding (see text for 
details). 

Active  site and 2-PC binding 
Two of the residues implicated for  TIM activity, namely 

Lys 13 and His 95, are well positioned in both subunits to carry 
out the enzymatic reaction. The  third residue essential for  TIM 
activity, Glu 165, has been observed to  adopt different  confor- 
mations in different  structures. Its ideal position for carrying 
out catalysis is “swung in” with x, = 60” (Knowles, 1991). It is 
also known to be able to adopt  a ‘‘swung out” conformation with 
x, = -60” (Wierenga et al., 1992). This position is not ideally 
suited for  catalysis. In the hTIM  structure, Glu 165 adopts  a 
“swung out” conformation in subunit 1, whereas it  is disordered 

Residue  number 

Fig. 3. Plot of positional difference (A) vs. residue number for the su- 
perposition of 2 hTlM monomers. The difference in position of the flex- 
ible loop is clearly visible. 
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Fig. 4. Electron density map calculated by a (2F, - F&Y, Fourier syn- 
thesis contoured at 2a levels above the mean electron density. The map 
shows residues  Trp 468 through  Pro 478, encompassing  the  flexible loop. 

in subunit 2.  As mentioned earlier, 2-PG occupies the active site 
crevice in subunit 2. Also, in this subunit,  the flexible loop is 
“closed” over the inhibitor. In subunit 1 the  loop is locked in 
an “open” conformation  due to crystal contacts. The main-chain 
and  the side-chain atoms of the flexible loop of subunit  2 show 
relatively  high thermal parameters. These residues, however, re- 
mained well defined in the electron density maps  during refine- 
ment, as shown in Figure 4. 

It was  realized during the refinement that, while mounting the 
crystals in capillaries, the artificial mother liquor was devoid of 
the inhibitor  solution.  Higher temperature factors of 2-PG at- 
oms and those of the flexible loop residues of subunit 2, and  the 
lack of density for  the side  chain of Glu 465,  are possibly reper- 
cussions of this. 2-PG in hTIM occupies a  position  similar to 
that observed in the yeast TIM-2-PG complex (Kinemages 1 , 3 ;  
Lolis & Petsko, 1990). As mentioned earlier, it  does  not  appear 
to be fully occupied in the active site, as evidenced by high tem- 
perature  factors of approximately 45 A’. Catalytic residues His 
395 (N”)  and Lys 313 (Nf)  form hydrogen bonds with the 
carboxylate oxygens of the inhibitor (Fig. 5; Kinemage 3). The 
terminal phosphate oxygens are hydrogen bonded to  the main- 
chain amide nitrogens of Gly 532, Gly 533, and Gly 471. As may 

Gly 4 d T  51 0 
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be noted, Gly 471 belongs to  the closed  flexible loop. Apart from 
this hydrogen bond,  the only other interaction between the flex- 
ible loop residues and  the inhibitor is a van der Waals contact 
between 1 of the phosphate oxygens and C”  of Ile 470. Addi- 
tional  stability to the  phosphate,  as shown in Figure 5 and 
Kinemage 3, is provided by the helix dipole (Hol et al., 1978) 
of a 3,,,-helix whose N-terminus points directly to  the phos- 
phate. The bridging oxygen of  2-PG  does  not form any  hydro- 
gen bond  at all,  similar to what was observed in the yeast 
TIM-2-PG complex. The carbonyl oxygen of residue Gly 510 
unusually  points toward  the phosphate.  This  carbonyl oxygen 
in yeast TIM complexed with 2-PG points in the opposite direc- 
tion. A similar contact has been reported for trypanosoma1 TIM 
in complex with sulfate ion (Wierenga et al., 1991b). Whether 
this conformation in hTIM is genuine, or due  to lack of suffi- 
ciently high-resolution data, remains undecided. 

Human genetic disorders and TIM 
It has been reported that  mutation of Glu 104 in hTIM to Asp 

leads to a thermolabile enzyme (Daar et al., 1986). This has also 
been correlated to a recessive disorder that results in hemolytic 
anemia and neuromuscular  dysfunction in human beings. The 
importance  of Glu 104 in TIM structures and evolution  can be 
understood  from its strict conservation over all the known TIM 
sequences (Fig. 6). Glu 104 in hTIM is almost completely bur- 
ied at  the interface of the  2 monomers (Fig. 7; Kinemage l). The 
carboxylate group of Glu is sandwiched between the guanidi- 
nium moiety of Arg 98 and Nf of Lys 112, thereby shielding the 
2 positively charged groups  from each other. Arg 98 is involved 
in an intersubunit  salt bridge with Glu 377 and is also in con- 
tact with the catalytic His 95. All these residues are strictly con- 
served in all the known TIM sequences. Based on these 
observations, and  through  computer modeling studies,  Daar 
et al. (1986) showed that shortening  of the Glu 104 side chain 
by 1 methyl group may lead to  an unfavorable  interaction be- 
tween Lys 112 and Arg 98, thereby reducing the stability of the 
mutant. In the hTIM structure, we also find that  the  CB  and  Cy 
side-chain atoms of Arg 98 are in contact with the carbonyl ox- 
ygen of His 95. The interatomic  C to 0 distances range from 
3.0-3.4 A in the 2  hTIM  subunits.  These distances are of simi- 
lar magnitude in the structures of trypanosomal and yeast TIMs, 
determined at a better  resolution.  Therefore,  a  perturbation in 

‘Y JLys 313 

Fig. 5. Interactionsof 2-PC with  hTIM. 
The 3,,,-helix,  comprising  residues  533- 
537, points directly on the phosphate 
moiety. Also shown is the unusual 
phosphate-carbonyl (Gly 510) interac- 
tion. This figure was produced using 
MOLSCRIPT. 
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Fig. 6. Sequence  alignments  of 18 known  TIM sequences: Coprisjuponicu (Okada  et  al., 1989), maize (Marchionni & Gilbert, 
1986), human  (Maquat  et al., 1985), rabbit  (Corran & Waiey,  1975), mouse (Cheng et al.,  1990), chicken (Straus & Gilbert, 1985). 
coelacanth  (Kolb  et  al., 1974), mosquito (Tittiger et  al., 1993), fruit fly (Shaw-Leeet al., 1991), Aspergillus nidu/ans(McKnight 
et al., 1986), Schizosucchuromycespombe (Russell, 1985),  yeast (Alber & Kawasaki, 1982), Trypanosoma  brucei (Swinkels et al., 
1986), Bacillus steurothermophilus (Rentier-Delrue et al., 1993), Escherichia coli (Pichersky et al., 1984), Corynebacterium  glutumi- 
cum (Eikmanns, 1992), mouse  (Cheng  et  al., 1990), Mucucu muluttu (Old & Mohrenweiser, 1988), and Moruxellu sp.  (Rentier- 
Delrue  et  al., 1993) as  calculated by the  GCG  package (Devereux et al., 1984). 

Fig. 7. Site of point  mutation for the 
thermolabile  mutant Glu 104 to Asp 
(Daar  et al., 1986) of  hTIM. Glu 104  is 
shown shielding Arg 98 and Lys 112. 
Arg 98 makes an intersubunit hydrogen 
bond with Glu 377. Subunit  1 is shown 
in a ribbon representation, whereas loop 
3 extending from  subunit  2 is shown  as 
a C" trace. Note  also  the contact of the 
CB and C y  atoms of Arg 98 with the 
carbonyl oxygen of the essential His 95 
(see text for further discussion). 
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the  conformation of the Arg 98 side chain may affect the criti- 
cal positioning of His 95  in the active site. The catalytic role of 
His 95 is well known (Knowles, 1991;  Komives et al., 1991). It 
has to be placed precisely at a position such that a short helix 
points on its imidazole, to maintain  a  neutral charge. It is thus 
clear that the replacement of Glu 104  by Asp, even though it 
does not alter the overall charge, is  likely to perturb  the local 
structure of the active  site through a series of changes. This thus 
highlights the  importance of Glu 104 in TIM sequences. 

One  more disorder in hTIM resulting in  a thermolabile en- 
zyme has recently been reported (Chang et al., 1993). A Hun- 
garian individual has been shown to possess a  malfunctional 
TIM with a  mutation of Phe 240 into Ile. At position 240 in the 
known TIM sequences (Fig. 6), phenylalanine tends to be a 
highly conserved residue. Undoubtedly the sequence alignment 
at this position does not appear to be very accurate due to the 
adjoining insertions and deletions. However,  it  can  be stated that 
phenylalanine is strictly conserved in all but 1 sequences. Coryne- 
bacterium  glutamicum is the only  species in which a replacement 
at this position is observed. In the crystal structure,  Phe 240 is 
not  a direct part of the active site, yet its close proximity to  the 
active site and its critical position appear to be essential factors 
in maintaining the active site geometry. The phenyl ring of 
Phe 240 makes several contacts, ranging from 3.4 to 4.0 A, with 
residues residing on 0-strand 1 as well as  a 3,,,-helix (residues 
233-237) (Fig. 8; Kinemage 3). The 310-helix, as discussed ear- 
lier, is important  for the  phosphate binding. The helix points 
directly on the  phosphate moiety. Any alterations in the direc- 
tion of the helix or its position may lead to a change in the sub- 
strate binding properties of TIM.  0-Strand 1 extends up to 
residue 12. Catalytic Lys 13  is the immediate next residue after 
the culmination of ,!”and 1. Asn 11, which follows residues 
that are in contact with the side chain of Phe 240,  is another evo- 
lutionarily conserved residue and makes an intersubunit hydro- 
gen bond.  It is therefore  understandable that a “conservative” 
mutation of Phe  into Ile leads to different properties of the 
enzyme. 

To understand the mutation in detail, we modeled the Phe 240 
to Ile mutation on a computer. The model was not subjected to 
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energy minimization, but the side-chain torsion angles of the Ile 
were adjusted to avoid short contacts with neighboring residues, 
thus retaining the rest of the model identical to the wild-type 
structure. We calculated the cavities  in hTIM, both for the wild- 
type and  for  the modeled mutant  structures using the CAVITY 
program of the BIOMOL suite of programs. The mutation ap- 
pears to have created a cavity of volume 15.5 A 3  next to the 
mutated Ile side chain. The size of this cavity is probably  just 
sufficient to accommodate  a water molecule. It is thus obvious 
that the  mutation will lead to minor local structural rearrange- 
ments to compensate the cavity creation. These rearrangements 
are likely to be destabilizing for  the association of monomers 
into  a  dimer, in view of the fact that many of the interface resi- 
dues are a part of strand 1. Such cavity creation may also ex- 
plain the thermolability of the enzyme. 

Yet another mutation in hTIM, namely  replacement  of Gly  122 
by an Arg,  has been observed to yield a thermolabile electro- 
morph  variant of hTIM (Kinemage 1; Perry & Mohrenweiser, 
1992).  Gly  122  is partly exposed to the solvent. It occurs on the 
N-terminal side of the TIM barrel and is thus on the directly op- 
posite side of the barrel from the active  site.  Owing to its remote- 
ness from  the active site, the kinetic parameters of the Gly 
122 + Arg mutant  are also largely unaffected (Perry & Mohren- 
weiser, 1992). The main-chain dihedral angles, 4 and #, of Gly 
122 in the 2 subunits are (-87,  169) and (-76,  143),  respectively. 
These angles are within the allowed range for non-glycine resi- 
dues, and therefore a mutation by arginine at this position would 
not be expected to alter the main-chain conformation of the 
polypeptide. Indeed, Gly 122  is conserved only in 8 of the 18 
known sequences (Fig. 6). It is frequently replaced into larger 
side chains such as Lys, Gln, etc., which are similar in size as 
Arg. In order to understand  the thermolability of the  mutated 
enzyme, we made a  mutation on a graphics system by replac- 
ing  Gly  122  by an arginine residue. In the mutated structure, Cp 
of  Arg 122 makes contacts of  2.8 A with the CC3 and Cr3 atoms 
of Trp 90 in subunit 1,  and contacts of 3.0, 2.8, 2.9, and 3.2 A, 
respectively, with the C”, Cf3,  Cr3,  and Cq2 atoms of Trp 390 
in subunit 2. However, by minor adjustments with the x 2  an- 
gle  of Trp 90, these short contacts can easily  be removed and 

Phosphate  binding  helix Phosphate  binding  helix 
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Fig. 8.  Mutation of phenylalanine to 
isoleucine at position 240 resulting in 
genetic disorder in hTIM (Chang et al., 
1993). The phenylalanine and the 2-PG 
molecule are shown in ball-and-stick 
representations. The orientation is cho- 
sen  such that  the 310-helix  is  seen point- 
ing toward the phosphate. The adjoining 
&strand is shown terminating in the cat- 
alytic Lys  313. 
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the mutation can be accommodated without much strain on  the 
local protein  structure.  The mutated Arg  then has sufficient 
room to expose its charged group to the solvent. Such rearrange- 
ments are known to occur in mutant protein  structures  (Mat- 
thews, 1993) and  are unlikely to have a dramatic effect on 
thermostability. 

Among the  other  TIM sequences in which the residue at po- 
sition 122 is a non-Gly are 7: brucei, E. coli, and Bacillus stear- 
othermophilus. The  structures of all these enzymes are either 
known or are being  refined (Wierenga et al., 1991b; Noble et al., 
1993b; F. Delboni, S.C. Mande, & W.G.J. Hol, pers. comm.). 
In E. coli TIM, Gly  122 is replaced by Thr, but Trp 90 is also 
replaced by a  complementary mutation  into a slightly smaller 
Tyr. In B. stearothermophilus TIM, Gly 122 is replaced by Ile 
and  Trp 90 is replaced by Tyr. For a comparison of this  ther- 
molabile mutant of hTIM, however, the 7: brucei structure 
serves our purposes best  because in T brucei Gly  122  is replaced 
by a Met and  the complementary  mutation at position 90 has 
not  taken place. This region of the 7: brucei TIM  structure is 
depicted in Figure 9. Much to our delight, the  computer predic- 
tion  that  the side  chain  of Trp 90 would readjust itself to  the 
Gly 122 + Arg mutation, in order  to avoid the short  contact be- 

tween the C' of the residue 122 and  the indole ring of Trp 90, 
holds almost perfectly. Our computer mutation had also shown 
that no hydrogen bond donors or acceptors of the protein would 
be buried by the Gly 122 + Arg mutation.  The  thermolability 
of the  mutant enzyme is therefore very perplexing and cannot 
be explained in a  straightforward  manner. 

Comparison of human  and chicken TIM structures 
Human  and chicken TIMs are approximately  90% identical 

in sequence. The 2  structures are consequently very  closely re- 
lated. The RMS difference between 484 C" atoms in the 2 
structures is 0.69 A. It is interesting to compare the sequence 
variability between the 2 sequences and its correlation to the  2 
structures. Most differences, not surprisingly, occur in the loops 
connecting different secondary structural elements and will not 
receive further  attention.  However,  2  mutations in the  2  struc- 
tures merit discussion. 

Asp 17 in chicken TIM corresponds to  the N-cap position of 
a-helix 1 (residues 17-31). The side-chain oxygens of the  Asp 
form hydrogen bonds with the main-chain nitrogens of residues 
19 and 20. Residue 17 in hTIM is an arginine and thus has lost 

A 

B 

Fig. 9. A: Site of the mysterious point 
mutation Gly  122 + Arg  in  hTIM  (Perry 
& Mohrenweiser, 1992). As yet, it  is not 
clear why this substitution should lead 
to a more thermolabile enzyme com- 
pared to the wild-type one. Substitu- 
tions at this  position are allowed in 
TIMs from other organisms (see  text). 
B: An example of such a mutation, 
where a methionine replaces glycine at 
position 122  in  trypanosomal TIM com- 
pared to  hTIM, whereas tryptophan 90 
is conserved in both the structures. No 
major rearrangements occur as a result 
of this substitution. 
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its capability of forming a hydrogen bond with the unpaired ni- 
trogens in the first turn of  helix l (Richardson & Richardson, 
1988). However, the longer  side chain of the arginine is involved 
in an intersubunit hydrogen bond with  Asn 371. The peptide ni- 
trogens of residues  19 and 20 are thereby exposed to the solvent. 
Not far  from these residues in chicken TIM is Ile 46, which  is 
partly buried in the  interface of the monomers  and  partly ex- 
posed. This residue is an Ala in hTIM. The Ile to Ala mutation 
appears to have made 2 small cavities of approximately 7 A3 
volume at  the monomer-monomer interface in hTIM. 

Another interesting aspect to compare between the  2 struc- 
tures is the packing of the @-barrel residues. It has been shown 
that packing of residues inside the  barrel in various TIM barrel 
enzymes can be best explained as a 3-layer packing (Lesk  et al., 
1989). Alternate  strands of the 8-stranded barrel contribute to 
packing of each of the layers. Thus, of the 12 residues contrib- 
uting to the packing  of the core of the barrel among human and 
chicken TIMs, 10 are identical. In the first layer, however, an 
alanine 42  of hTIM is a glycine in chicken TIM. The reduction 
of the core volume  by 1 methyl carbon is compensated by a sub- 
stitution of an isoleucine  in  chicken TIM corresponding to a va- 
line in hTIM at position 92 (Fig. 10). Thus, due to beautifully 

A 

n 

B 

complementary mutations,  the overall packing of the  0-barrel 
residues in the 2  TIMs is  very similar. 

Comparison of human and trypanosoma1 
TIM structures 
As mentioned in the introduction, one of the objectives of un- 

dertaking this study was to assess the potential of TIM as a  tar- 
get for  rational  drug design against African sleeping sickness. 
This would require designing inhibitors of trypanosomal  TIM 
that  do not affect the  hTIM  function; in other words, the  in- 
hibitors should possess a high degree of selectivity. Detailed 
comparison of the  2 structures is a necessary prerequisite for 
such a  study. 

Trypanosoma1 TIM has been characterized in great detail 
structurally (Wierenga et al., 1991b; Noble et al., 1993a).  Many 
different crystal forms, as well as several inhibitors' complex 
structures, have been crystallographically characterized (e.g., 
Verlinde et al., 1991,  1992b; Noble et al., 1993a). The native 
crystal structure has been refined to 1.83 A resolution to an R- 
factor of 0.183. This structure also has a  sulfate ion bound in 
its active site and has both open as well as almost closed con- 
formations of the flexible loop. We therefore compared the cur- 

nnn / 

Gly 42 

Fig. 10. Variability in the packing of 
the barrel residues  between  chicken and 
hTIMs as viewed down the &barrel. A 
mutation of Ala 42 of hTIM (A) into  a 
Gly in chicken TIM (B), which would 
have otherwise created a cavity in the 
core of the barrel, is seen to be  elegantly 
compensated by a complementary mu- 
tation of  Val into Ile  (see  text for further 
discussion). 
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Fig. 11. Positional difference between C* coordinates of trypanosomal 
and hTIMs. The numbering corresponds to the hTIM sequence. The di- 
mers have been superimposed in such a manner that the  subunits with 
open flexible loops, as well as  those with the closed loops, match with 
each other. 

rent 2.8-A hTIM  structure to  the 1.83-A crystal structure of 
trypanosomal  TIM. 

The overall percentage identity between the 2 amino acid se- 
quences is about 53% (Maquat et al., 1985; Swinkels et al., 
1986). The RMS difference between the coordinates  of  the  2 
structures is  1.12 A for 487 Ca atoms.  The RMS difference as 
a function of residue number is shown in Figure 11, with the 
numbering of residues corresponding to hTIM.  A 1-residue de- 
letion in the hTIM sequence occurs between helix 2 and  strand 
3,  and  another 2-residue deletion is in the  loop connecting he- 
lix 5 and  strand 6. A single residue insertion in the  hTIM se- 
quence  occurs in the  loop connecting strand 3 and helix  4. This 
insertion is  close to the interface of monomers. As a consequence 
of the deletion and  the insertion,  there are only  a few minor lo- 
cal structural rearrangements. These rearrangements do  not, 
however, affect  the monomer-monomer  interactions nor  the 
packing of secondary  structure. 

Regions of interest for obtaining selective inhibitors  should 
be  close to the active site. Unfortunately, all the residues within 

about 10 A of the active sites of the 2  TIMs are very  well con- 
served. However,  there are a few interesting substitutions  a lit- 
tle further from the active sites. In  1 such difference shown in 
Figure 12 and Kinemage 1, a  pocket in hTIM is lined by resi- 
dues His 100, Val 101, and  Phe 102 on  one side, and Tyr 67, Lys 
68, and Val 69 on its opposite side. These 6 residues are  Ala, Tyr, 
Tyr, Ile, Ala, and Lys, respectively,  in trypanosomal TIM. This 
pocket has also been a  focus of attention  for inhibitor design 
using a  “linked-fragment approach” (Verlinde et al., 1991). In 
yet another difference between the  2  structures, the residues in- 
volved in hTIM  are  Thr 513, Ala 515, Thr 516, and Thr 475. 
These residues are, respectively, Asn, Lys, Asn, and Val in the 
trypanosomal TIM structure. Interestingly, the position of the 
closed flexible loop occurs between the 2 pockets discussed 
above. These residues thus could provide an  anchor  for inhibi- 
tors interacting with the flexible loop. 

The crystal structure of recombinant hTIM has thus provided 
some new information  on  the 2 known genetic disorders. The 
effects of these mutations on the structure of TIM  had been pre- 
dicted prior to this study on  the basis of the chicken TIM struc- 
ture (Daar et al., 1986; Chang et al., 1993), and our conclusions 
are more or less  in agreement with those studies. It  is indeed fas- 
cinating that a  mutation of Glu + Asp, conserving overall charge 
and reducing volume by only  1 methyl group, can lead to such 
different enzymatic properties, and most regretfully causes seri- 
ous suffering to the individuals affected by the genetic disorder. 
The importance of Phe 240 in providing a floor to the phosphate 
binding helix and a base to  strand 1 is apparent  from  the crys- 
tal  structure, as well as from our computer  mutation.  The  third 
mutation, namely  Gly 122 + Arg, is  less  well understood and re- 
mains a mystery that might be resolved once the structure of this 
intriguing mutant becomes available. 

Materials and methods 

Cloning, overexpression, and kinetics 

The  human TIM cDNA sequence was amplified by PCR  from 
a human skin fibroblast cDNA library (Clontech) as described 
by Friedman et al. (1990). The  reaction was carried out  at  an 
annealing  temperature of 56 OC with lo7 recombinant phages. 
We used specific primers whose sequences were deduced from 

Fig. 12. Closeup of the site showing  re- 
gions of interest for designing selective 
inhibitors for trypanosomal TIM. The 
C“ trace of hTIM is shown in thick 
lines, whereas that  for trypanosomal 
TIM is shown in dashed lines. Also shown 
at the far left is the 2-PG binding site. 
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the hTIM nucleotide sequence (Maquat et al., 1985). Both prim- 
ers  contained parts of the extremities of the  hTIM cDNA and 
restriction sites at their 5'-end to allow digestion and insertion 
of the  PCR product at  the NcoI and BamHI sites of the expres- 
sion vector pARHS-3 (De Moerlooze et al., 1992). 

E. coli BL21 (DE3) cells (Studier & Moffatt, 1986) harbor- 
ing the recombinant  pARHS-hTIM vector were grown in LB 
medium at 37 "C.  When the culture reached an ODsw of 1, 
hTIM synthesis was induced with 1 mM IPTG  and growth was 
continued for 12 h.  The pelleted  cells  were  resuspended and lysed 
with a French press (American  Instrument  Company). The cell 
debris was removed by centrifugation at 10,OOO X g for 20 min. 
The supernatant was applied to a Sephadex Gl00 column (C26- 
100, Pharmacia) equilibrated in buffer A (20  mM Tris/HCl, 
pH 8.0, 100 mM NaCl, containing 0.2 mM EDTA, 0.1  mM phe- 
nylmethylsulfonylfluoride, 0.1 mM NaN3). Fractions containing 
TIM were dialyzed against buffer  A and loaded onto a MonoQ 
column (HR 10/10, Pharmacia) that had been equilibrated in 
buffer A. TIM was eluted with a gradient of 0-0.3 M NaCl. The 
purified protein solution was concentrated by ultrafiltration with 
Amicon PM-10  filters, and protein  concentration was deter- 
mined by Bradford's (1976) method, using the Bio-Rad protein 
assay, with bovine serum  albumin as  standard. 

Enzyme assays were based on  the decrease of absorbance at 
340 nm due  to oxidation of NADH in a  coupled enzyme assay 
at 25 "C.  The  reaction was carried out according Misset and 
Opperdoes (1984) in 100  mM triethanolamine/HCl,  pH 7.6, 
20pg/mL glycerol-3-phosphate dehydrogenase, 0.24 mM NADH, 
and 0.12-2.28 mM GAP.  The  inhibition  constant (Ki) was ob- 
tained with 2-PG,  a transition-state analogue (Wolfenden, 1969). 

Crystallization and data collection 

The protein solution for crystallization was prepared by dialyzing 
the protein against 5 mM MES buffer at  pH 6.5 and 1 mM each 
of EDTA, NaN3,  and dithiothreitol (DTT). The  concentration 
of the dialyzed protein was adjusted to 4 mg/mL,  and then 
2 mM 2-PG, an inhibitor of TIM, was added to this  solution. 
The crystals were grown by the hanging-drop  vapor-diffusion 
technique. The  drops contained  3  pL each of the well and pro- 
tein solutions.  During the initial crystallization trials, the crys- 
tals always grew as thin and long intergrown needles. Failure to 
obtain  good single crystals despite varying the concentration of 
the precipitant or varying the  pH of the well solution prompted 
us to  attempt crystallizations at different  temperatures. It was 
noticed then that  the  drops which were producing  a shower of 
needles at room temperature remained clear at cold temperatures 
(4 "C). This  observation led to  the development of a  protocol 
in which the  temperature of the crystallization plates was  slowly 
raised from 4 "C to 18 "C over a  period of 18 days.  One  good 
crystal of approximately 0.3 x 0.2 X 0.2 mm was obtained with 
a well solution of 100 mM HEPES  buffer,  pH 7.5, 20% poly- 
ethylene glycol (PEG) 4oO0, 10% 2-propanol, and 2 mM freshly 
dissolved DTT. 

The X-ray intensities  were measured on  a FAST area detector. 
The detector was equipped with a CAD4 K-goniostat with graph- 
ite  monochromatized CuKa radiation from  an Elliot GX21 ro- 
tating  anode source. Data were processed using MADNES 
(Messerschmidt & Pflugrath, 1987) and  the BIOMOL  suite of 
programs. Profile fitting of the  data was done according to 
Kabsch  (1988). The crystal system was identified as primitive or- 

thorhombic, although the assignments of screw axes could  not 
be made  unambiguously. However, later through translation 
function calculations, the space group was identified as P212,21 
with a = 65.81, b = 75.39, and c = 92.81 A. One dimer of the 
TIM molecule is present in the asymmetric  unit of the crystals. 
The crystal and  data statistics are shown in Table 3. The merg- 
ing R-factor for the data  at 2.8 A resolution is 0.055 with a com- 
pleteness of about  86%. 

Structure solution by molecular replacement 

Refined  chicken TIM coordinates, kindly provided by Dr. P. Ar- 
tymiuk, were used as a model for molecular replacement. Hu- 
man  TIM shares approximately  90% sequence identity with 
chicken TIM (Maquat et al., 1985; Straus & Gilbert, 1985). In 
the model, side chains of the 22 nonidentical residues were trun- 
cated to  Cp. There are 2 places in the sequence where a non- 
glycine residue of chicken TIM is a glycine in hTIM.  At these 
2 places, the Cp atom of that residue was also removed. The in- 
dividual atomic  temperature  factors were retained as in the 
chicken TIM structure. Structure  factors  for  the model were  cal- 
culated in an artificial P1 unit cell of dimensions 100 X 110 x 
90 A and angles  of 90". Rotation functions were calculated using 
Crowther's  fast rotation function  (Crowther, 1972) adapted  to 
the BIOMOL suite of programs.  Crowther and Blow T2 trans- 
lation functions (Crowther & Blow,  1967)  were calculated using 
the  TRAFUN program in the BIOMOL suite of programs. 
Packing  calculations were carried out using the PACKNG pro- 
gram  (Mande & Suguna, 1989). Cross-rotation functions calcu- 
lated using data between 8 and  4 A showed 2 clear peaks related 
by a 180" rotation corresponding to  the 2  different  superposi- 

Table 3. Crystal and data statistics 

Space group p212121 
Cell dimensions (A) a = 65.81 

b = 75.39 
c = 92.81 

Vma = 2.17 A3/Da (for 1 dimer  per  asymmetric unit) 

R-factors (To) Completeness (To) 

Resolution shell In shell  Cumulative In shell  Cumulative 

1,000-10.00 
10.0-7.07 
7.07-5.77 
5.77-5.00 
5.00-4.47 
4.47-4.08 
4.08-3.78 
3.78-3.54 
3.54-3.33 
3.33-3.16 
3.16-3.02 
3.02-2.89 
2.89-2.80 

3.3 
4.1 
4.3 
4.4 
3.9 
4.6 
6.0 
7 .5  
8.5 

10.2 
12.3 
17.1 
18.4 

3.3 
3.6 
3.7 
3.8 
3 .8  
3.9 
4.2 
4.5 
4.8 
5.0 
5.3 
5.4 
5.5 

90.4 
94.5 
92.2 
95.1 
94.0 
94.9 
96.4 
94.8 
93.8 
92.1 
87.0 
60.7 
45.9 

90.4 
93 .O 
92.7 
93.5 
93.6 
93.9 
94.4 
94.5 
94.4 
94.0 
93.1 
89.2 
85.5 

a V,,, is  the ratio of unit  cell volume in A 3  and  the total molecular 
weight of the  protein  in  the  unit  cell  in  Da  as  defined  by  Matthews (1968). 
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tions of the dimers. Translation functions were calculated in the 
resolution ranges of 10-4 A ,  10-6 A, 6-4 A, and 8-4 A. Dur- 
ing each run of the translation  functions,  6 sections with u,  u ,  
and w equal to 0 and 0.5 were calculated. In all the translation 
functions, the  true peak appeared as  the highest peak in the 
u = 0.5 and w = 0.5 sections. However, the u = 0 as well as 
u = 0.5 sections were much noisier, and made it difficult to iden- 
tify the correct peak unambiguously. Packing calculations were 
carried out  for primitive orthorhombic space groups involving 
different  combinations of 2-fold and  2, screw axes. Only 1 so- 
lution  compatible with packing as well as the translation  func- 
tion was then obtained. This thus enabled us to recognize the 
space group  as  P212,21. 

Structure  refinement 
The chicken TIM model was placed in the  unit cell  of hTIM ac- 
cording to  the molecular replacement solution. To initiate the 
refinement, 50  cycles of X-PLOR (Briinger, 1990) rigid-body re- 
finement were carried out, first treating the entire dimer as a 
rigid body and later allowing the  2 monomers to move indepen- 
dently. At the end of rigid-body refinement, the  R-factor in the 
resolution range 100-3.2 A had dropped  from an initial value 
of 0.397 to 0.366. The  crystallographic refinement was carried 
out by means of X-PLOR’s energy minimization option. After 
100  cycles of alternate coordinate and restrained B-factor refine- 
ment in the resolution range 8-3.2 A, the hTIM model was com- 
pleted by mutating the appropriate residues. This was followed 
by  400  cycles of positional and restrained B-factor refinement 
in the resolution  range 8-2.8 A ,  interspersed with model build- 
ing sessions  with 0 (Jones et al., 1991). The models  were  checked 
against uA weighted  (2F, - F,) and (F, - F,) maps (Read, 1986). 

During the course of refinement, the flexible loop of subunit 
2 (residues 468-474)  was considerably rebuilt in the difference 
electron density maps. To avoid model bias, all the  loop resi- 
dues, as well as all residues lying within 5 A from any loop res- 
idues, were deleted from  the model. This resulted in removal of 
a  total of  345 atoms, 154 belonging to subunit 1 and 191 to sub- 
unit 2. An  omit map calculated after refining the  partial model 
indicated that  the flexible loop of subunit 2 had undergone a ma- 
jor conformational change compared to the open conformation 
in the chicken TIM model. The tip of the loop (residue Gly  473) 
had moved by as much as 7 A from the initial model. This was 
not entirely unanticipated because the crystallization buffer con- 
tained 2-PG, an inhibitor  of  TIM. During the final stages of re- 
finement,  2-PG was modeled in the residual density of the 
(F, - F,) maps in subunit 2. The  corresponding  region,  i.e., 
residues  168-174,  in subunit 1 did not show any significant den- 
sity. The  final model contains 3,738 protein atoms  and 9  2-PG 
atoms. No attempt has been made to model the water structure 
around  the protein in view of the limited resolution of the data. 
At the  end of the refinement, the  R-factor was  0.167. 
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