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Abstract: Triosephosphate isomerase (TIM) catalyzes the reaction to convert dihydroxyacetone
phosphate into glyceraldehyde 3-phosphate, and vice versa. In most organisms, its functional oli-
gomeric state is a homodimer; however, tetramer formation in hyperthermophiles is required for
functional activity. The tetrameric TIM structure also provides added stability to the structure, ena-
bling it to function at more extreme temperatures. We apply Principal Component Analysis to find
that the TIM structure space is clearly divided into two groups—the open and the closed TIM
structures. The distribution of the structures in the open set is much sparser than that in the
closed set, showing a greater conformational diversity of the open structures. We also apply the
Elastic Network Model to four different TIM structures—an engineered monomeric structure, a
dimeric structure from a mesophile—Trypanosoma brucei, and two tetrameric structures from
hyperthermophiles Thermotoga maritima and Pyrococcus woesei. We find that dimerization not
only stabilizes the structures, it also enhances their functional dynamics. Moreover, tetramerization
of the hyperthermophilic structures increases their functional loop dynamics, enabling them to
function in the destabilizing environment of extreme temperatures. Computations also show that
the functional loop motions, especially loops 6 and 7, are highly coordinated. In summary, our
computations reveal the underlying mechanism of the allosteric regulation of the functional loops
of the TIM structures, and show that tetramerization of the structure as found in the hyperthermo-
philic organisms is required to maintain the coordination of the functional loops at a level similar
to that in the dimeric mesophilic structure.

Keywords: triosephosphate isomerase; dihydroxyacetone phosphate; glyceraldehyde 3-phosphate;
proton shuttling

Introduction
. , Triosephosphate isomerase (TIM) is the fifth enzyme
Abbreviations: DHAP, dihydroxyacetone phosphate; GAP,

glyceraldehyde 3-phosphate; PC, principal component; TIM, % the eukary?tlc glycolysis pathway, which consists
triosephosphate isomerase. of 10 sequential steps that convert one molecule of

glucose into two molecules of pyruvate. In the pro-
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in the active enzyme except in hyperthermophilic
organisms such as Thermotoga maritime,! Pyrococ-
cus woesei,> Thermoproteus tenax,® and Methanocal-
dococcus jannaschii,* where its functional state is a
tetramer. It has been postulated that the tetrameric
form imparts additional critical stability for thermo-
philic organisms.?2® Here we will investigate the
internal dynamics of the various oligomeric states to
learn about their similarities and differences.

Each subunit of the TIM structure has an
alpha/beta barrel architecture. The loops connecting
the strands and helices play important roles in oligo-
merization and functionality of the enzyme. It has
been found previously that loop motions (labeled as
Loop 6) are not random and can be critical for the
functionality of this enzyme.>® It was found that
this loop does not move independently but rather
together with the domain motions in a highly coop-
erative allosteric way. Loop 6 is a flexible 11 residue
component of the structure with hinge residues at
both ends. The tip of this loop has a “phosphate
gripper” motif,® which is likely engaged in substrate
binding, protecting the substrate during catalysis,
and product release.!® We have selected 121 TIM
structures from the PDB3?! for this study. The pair-
wise sequence identity of the structures ranges
between 44.0% and 97.1%. However, the three resi-
dues (Lys on Loop 1, His on Loop 4, and Glu on
Loop 6) that are responsible for catalysis are strictly
conserved. This large number of diverse PDB struc-
tures provides a rich dataset to use to understand
the dynamics of these structures. In this research,
we find that oligomeric state of the TIM structures
does affect its structural stability, functional dynam-
ics, and functional loop coordination.

Diversity of TIM structure space

Dimeric and tetrameric TIM structures from 121
PDB Ids have been extracted, and from these we
have selected 267 TIM subunits after removing
chains having missing residues. Out of these 267
subunits, 198 are in open conformation and 69 are
in closed conformation. The open structures have
the functional Loop 6 wide open and the closed
structures have this loop in a closed state covering
the catalytic cavity. Moreover, the functional loops 7
and 8 in the open structures are wider open than
they are in the closed conformation, but the magni-
tude of the conformational transition of these two
loops between the open and closed states is much
smaller compared to the similar transition for Loop
6. In most cases, unliganded structures are in open
conformation. The exceptions can occur because of
some mutations or engineering of a section of the
structure. A mutation of the two hinge residues (168
and 178—residue indexing on the yeast TIM struc-
ture) on the functional Loop 6 can reduce the flexi-
bility of the loop preventing the structure from
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achieving a fully open or closed conformation. Two
such examples are mutation P168A (PDBs 2J24 not
fully open and 2J27 not fully closed) and mutation
A178L (PDBs 2VOT unliganded not fully open and
2V2C liganded not fully closed). On the other hand,
most liganded structures are in closed conformation.
However, some liganded TIM structures are found
in an open conformation—one such example is PDB
1TSI, whose subunit A has an N-hydroxy-4-
phosphono-butanamid (C;HgNOsP) ligand but the
structure is in a wide open conformation. Moreover,
some engineered TIM structures fail to achieve com-
plete functional Loop 6 flexibility and do not fully
open or close (PDB 1MSS).

We have performed principal component analy-
sis (PCA) on the superimposed subunit structures.
Figure 1(A) shows the PCA of 267 subunits of the
TIM PDB structures. The first and the second PCs
(PC1 and PC2) divide the structures into open and
closed sets. The largest variation in the data is along
PC1 (84.58%). This variation arises primarily
according to the extent of closedness/openness of the
subunits, that is, the conformational variability of
Loop 6. The 198 subunits of the open set represent a
more diverse set of structures than do the 69 subu-
nits of the closed set, which can be seen in the
broader scatter of the structures in the open set.
The RMSD difference between the representative
open and closed structural subunits (1YPI A and
2YPI A) is 1.15A. The range of the RMSD distribu-
tion for these two sets also shows that the span of
the closed subunits is much tighter than the span of
the open subunits—0 to 0.69A (closed set) and 0
2.31A (open set).

The not fully closed structure 2J27 is clearly
positioned away from the closed cluster and more
towards the open structures as shown in Figure
1(A). The rotation of catalytic residue Glu 167 is
synchronized with the opening/closing of the func-
tional Loop 6. Because of the mutation P168A adja-
cent to Glu 167, this structure fails to close the
functional Loop 6 sufficiently so that Glu 167 is not
placed into its proper catalytic position in the closed
conformation.'? On the other hand, the open struc-
ture 2J24 with the same mutation is positioned
away from the open cluster as it fails to open the
functional Loop 6 fully. These TIM structures are
deviants from the clusters of both the open and
closed TIM structures and have the functional Loop
6 in an intermediate position. This induced closed-
ness may occur for different reasons. In the G. gal-
lus TIM structure (8TIM), its partial closure is
caused by a trapped sulfate ion (SO, 2) in the cata-
Iytic pocket. In the Trypanosoma brucei mutant
(A178L) TIM structure 2VOT, its partial closure is
caused by the mutation of the Loop 6 hinge residue
Ala 178 to Leu.'® In the Plasmodium falciparum
mutant (W168F) TIM structure 1VGA, the mutation
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Figure 1. Distribution of the TIM experimental structures in PC space. (A) Different TIM crystal structures shown along the first
two PCs, showing clearly that the closed and the open structures form distinct sets, with members of the closed set being
more similar to one another than are the open structures. The distribution also indicates that the primary coordinate for this
transition is along PC1. 69 structures are in closed set and 198 structures are in open set. The PDB Id for the representative
closed structure is 2YPI chain A and PDB Id for the representative open structure is 1YPI chain A. PC1, PC2, and PC3, cap-
tures 84.58%, 5.46%, and 3.02%, of the total variability. Some of the data points are labeled to facilitate visualization. (B) Over-
lay of the functional Loop 6 region of some selected representative TIM structures distributed along PC1 from panel A. It shows
the conformational transition of Loop 6 between open and closed states.

of the conserved Trp 168 into Phe causes the func-
tional Loop 6 to adapt an intermediate conforma-
tion.!* 2VXN and 1N55 are two closed structures
that are placed further away along PC2 from the
cluster of the closed structures at the bottom of the
figure. No differences between 2YPI A (reference
closed structure) and these two structures are visu-
ally discernible.!® Moreover, the subunit structures
from the four tetrameric closed structures form a
subcluster within the cluster of the closed struc-
tures, but at the extreme left end of the PC1 axis
suggesting that they are more closed than any
others. Figure 1(B) shows the positions of the func-
tional Loop 6 in the TIM structures in different con-
formational states along PC1. It is clear from the
states of Loop 6 in panel B that 2VFG at the right-
most position in panel A has the most open form
and 1WOM at the leftmost position in panel A is the
most closed. The other selected structures show dif-
ferent intermediate states of Loop 6.

Monomeric, dimeric, and tetrameric TIM
architectures
The structure of a TIM subunit follows the (a/B)-bar-
rel architecture, with the two types of secondary
structures alternating along the sequence. It has a
central barrel consisting of eight B-strands (31-B2)
surrounded by eight helices al-a8. Figure 2(A)
shows this arrangement in the TIM subunit. The C-
termini of the strands make the front of the barrel
and the other ends of the strands constitute the
back of the barrel.

There are eight loops at the front, front loops
FL1-FL8; and eight loops at the back, back loops
BL1-BL8. Each front loop runs from a strand to a
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helix, and each back loop runs from a helix to a
strand. Thus the whole structure has such an
arrangement of the strands, loops, and helices: N
terminus-(31-FL1-a1)-BL1-(B2-FL2-a2)-BL2-(33-
FL3-a3)-BL3-(B4-FL4-a4)-BL4-(35-FL5-05)-BL5-(B6-
FL6-a6)-BL6-(B37-FL7-a7)-BL7-(B8-FL8-a8)-C termi-
nus. The number of amino acids that constitute
these secondary structure segments varies some-
what from one TIM structure to another. But the
overall architecture of the structure is strictly con-
served. Supporting Information Table SI shows the
positions of the secondary structure segments in the
sequences for three different organisms that have
been considered—7. brucei TIM, Thermotoga mari-
tima TIM, and P. woesei TIM. The front loops are
grouped into two sets: the loops forming the inter-
face (front loops 1, 2, 3, and 4) and the loops that
drive the catalysis (front loops 6, 7, and 8). The loops
shown in Figure 2(A) are all front loops, and this
designation is dropped hereafter.'®

In mesophilic organisms, the functional TIM
enzyme is a homodimer. However TIM is found to be
an active homo-tetrameric structure in some extrem-
ophilic organisms. Dimerization of TIM occurs
through the association of two TIM monomers at a
Type 1 interface. Two Type 1 dimeric TIM structures
bind together by interactions along the two Type 2
interfaces to form a homo-tetrameric structure. The
locations of these interfaces are marked in panels B,
C, and D of Figure 2.

The Type 1 and Type 2 interfaces are shown in
greater detail in Figure 3. Four interface loops (1, 2,
3, and 4) from each subunit take part in forming the
Type 1 interface for the subunit—subunit association
that is present in the dimer. Loop 3 from one
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Figure 2. Structural details of TIM in the monomer, dimer, and tetramer. (A) Different structural components of a monomeric
TIM subunit (based on S. cerevisiae TIM with PDB 1YPI). Eight strands B1-38 form the central barrel. The helices a1-a8 sur-
round the barrel. Front loops are labeled as Loop 1-Loop 8. The catalytic residues are labeled Lys 12, His 95, and Glu 165. (B)
Dimeric TIM architecture (based on S. cerevisiae TIM with PDB 7TIM). A dimer is formed by the interactions along the Type 1
interface of the two subunits. (C) Tetrameric TIM structure (based on P. woesei TIM with PDB 1HG3).? Two Type 1 dimers form
a tetrameric structure by the interaction along the two Type 2 interface regions. (D) The tetrameric TIM structure in panel C after

a 90° rotation around the axis.

subunit docks between Loop 1 and Loop 4 of the
other subunit, and Loop 2 gets buried between them.
Figure 3(A,B) show details of this association. In the
tetrameric organization, there are two Type 1 dimeric
TIM structures bound together by two Type 2 interfa-
ces. A Type 2 interface is formed by the association of
the C-terminus of Loop 4, the N-terminus of helix 4,
and helix 5 of one subunit with the same set of struc-
tural components of the interacting subunit. Figure
3(A,C) show the details of this construction.
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Conserved functional mechanism across
species

The function and enzyme mechanism of TIM struc-
tures are conserved across species. The four impor-
tant components of this mechanism are:

i. Substrate trapping in the hydrophobic cage and
product release by the concerted motions of func-
tional loops 6 and 7.

ii. Substrate specificity facilitated by Loop 8.

Role of TIM in Catalytic Activity
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Figure 3. TIM subunit interface structures. (A) Arrangement of Type 1 and Type 2 interfaces in a tetrameric TIM structure. (B)
Interdigitation of loops in Type 1 interface formation—Loop 3 of one subunit docks between Loop 1 and Loop 4 of the partner
subunit. (C) (i) Structural components of the Type 2 interface—Helices 5A and 5B, N-termini of helices 4A and 4C, C-termini of
Loop 4A and Loop 4C construct the Type 2 interface. (i) Surface view of the Type 2 interface shown in (j).

iii. Catalysis of substrate—proton transfer from
DHAP to GAP and vice versa.

iv. Importance of open and closed conformations to
admit substrate and expel product.

Substrate trapping in the hydrophobic cage
and product release by the concerted motions of
functional Loop 6 and Loop 7. The rate constant
of the opening and closing motion of the active site
Loop 6 nearly matches the production rate for TIM
catalysis. This loop motion is coordinated with sub-
strate binding, catalytic onset, and product
release.'®™ Crystallographic studies have shown
that Loop 6 and Loop 7 have a closed conformation
in the presence of ligand in the catalytic cavity and
an open conformation in the absence of ligand.'”'®
Figures 4(B) and 8 show the catalytic pocket of the
superimposed structures of the open and closed

conformations. However, experiments also show that
for the substrate to be trapped (bound) in the cata-
lytic pocket, Loop 6 closing is not necessary although
the closed conformation is required for catalysis
(PDBs 1LYX, 1LZ0)."*

Experiments show that perturbation of the
dimerization of TIM structures reduces the rate of
reaction of this enzyme by a factor of 1000 fold.
Dimerization of TIM enhances the motions along
Loop 6 and Loop 7 regions. It also increases the
rigidity of Loop 1, Loop 4, and Loop 8. This rigidity
is required to stabilize the position of the catalytic
residues Lys on Loop 1 and His on Loop 4, as well
as Leu on Loop 8 for the catalytic mechanism to
function.?’ The active site loop dynamics is not only
important for ligand release, it also limits the turn-
over rate of the protein.?! Also the closing of Loop 6
(an excursion of 7A) stabilizes the reaction enedio-
late intermediate. This stabilization is facilitated by

Active site pocket

Figure 4. Structural details of the active site of TIM. (A) Location of the active site with its three catalytic residues in a TIM sub-
unit. (B) Active site pocket is shown in enlarged view with Loop 6 in both open (orange) and closed (cyan) conformations. The
structure and residue indexing are based on the S. cerevisiae TIM structure PDB 1YPI.
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the tip of this loop which has a conserved
“phosphate gripper” motif -AXGXGKXA-.° This motif
is similar to the consensus turn that interacts with
phosphate groups in some kinases, many dehydroge-
nases, ras p21, and other nucleotide binding pro-
teins. 2227

Substrate specificity facilitated by Loop 8.
While the dynamics of Loop 6 and Loop 7 appear to
directly determine the catalytic activity and rate,
highly conserved Loop 8 residues help to form a
tight binding pocket for the phosphate moiety of the
substrate. The fully conserved, solvent exposed Leu
238 (TbTIM residue indexing) of Loop 8 limits the
substrate binding specificity of TIM to only DHAP
and GAP (related PDB 1DKW).28

The following residues from loops 6, 7, and 8
form polar interactions with the phosphate oxygen of
the substrate in the closed conformation of the TIM
structure: Gly 173 on Loop 6; Gly 212 and Ser 213 on
Loop 7; and Gly 234 and Gly 235 on Loop 8.28

Catalysis of the substrate—proton transfer from
DHAP to GAP. Substrate catalysis in the catalytic
pocket has two components. The physico-chemical
structure of the catalytic cavity with proper position-
ing of catalytic residues is required for the proton
transfer.2? The concerted motions of Loop 6, Loop 7,
and Loop 8 are likewise required.>°

The catalytic residues Lys on Loop 1, His on
Loop 4, and Glu on Loop 6 are involved in the pro-
ton transfer through their coordination. These resi-
dues in the catalytic pocket are shown in Figure
4(A,B).

The concerted motions of loops 6 and 7 are
important mainly for two reasons. First, the confor-
mational flexibility of the catalytic residue Glu on
Loop 6 and its concerted motion with Loop 7 facili-
tate proton shuttling.?! Second, the concerted motion
of Loop 7 and the “phosphate gripper” on Loop 6
synchronize the substrate trapping with the cata-
lytic activity.®

Importance of open and closed conformations
to admit substrate and expel product. TIM has
two distinct conformations—open and closed. In the
open conformation Loop 6 is wide open and appears
in a more flexible state than it is in the closed con-
formation, as shown in Figures 4(B) and 8. This flex-
ibility of Loop 6 is conducive to hunting and using
the phosphate gripper to bring the substrate into
the vicinity of the active site. Once the substrate is
trapped in the cavity, Loop 6 assumes the closed
conformation, and its “phosphate gripper” maintains
the substrate in place with the coordination of Leu
238 (TbTIM residue indexing) from Loop 8. The clos-
ing of Loop 6 affects the mechanism in two ways;
first, it places the catalytic residue Glu 167 against
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the substrate at the proper distance; second, the cor-
related motions of loops 6 and 7 facilitate the proton
transfer mechanism in a coupled manner.%1!

Relation between protein motions and their
functions

The overall architecture of a protein is responsible
for its motions particularly for the large scale
domain movements but also affecting the more local-
ized fluctuations. The way two or more domains
attain their comparative movements is largely deter-
mined by the structure at the interfaces between the
domains.??3% Domain motions are typically impor-
tant for the activities of a protein: its catalysis, the
regulation of its activity, transport of metabolites,
and forming protein assemblages.

In this research, we apply Elastic Network Mod-
els (ENMs) to investigate the dynamics of four struc-
tures in different oligomeric assemblies: monoTIM,
ThTIM monomer and dimer; TmTIM monomer,
dimer, and tetramer; and PwTIM monomer, dimer,
and tetramer. These have been broadly used to
extract the important functional motions of pro-
teins.>344% We measure the average fluctuations of
motions for different parts of the structure focusing
particularly on (1) the parts important for interface
formation (front loops 1, 2, 3, and 4) and (2) the
region that is important for catalysis (front loops 6,
7, and 8). We then compare these results for differ-
ent monomeric states and measure and compare the
correlations and overlaps of the motions of the dif-
ferent functional loops. From these computational
results, we learn how oligomerization stabilizes the
structures and also helps the structure to attain its
native functional dynamics.

Results

Oligomerization and stability across the
interface region

Front loops 1, 2, 3, and 4. The Type 1 interface
is formed by the interdigitation of front Loop 3 with
front loops 1 and 4 of the partner subunit as shown
in Figure 5(A). Panel B of the figure shows how this
forms a locked situation between two subunits.
Front Loop 2 is buried by front Loop 3 from the
partner subunit. Two such symmetric arrangements
make a strong interface between the subunits to
form a dimer. This dimerization locks these loops in
place and reduces the dynamics of these loops. ENM
captures the change of motions in functional loops 1
and 4 upon oligomerization. Figure 5(C-E) show
that dimerization decreases the fluctuations of front
Loop 1. Tetramerization of the structure does not
impact the dynamics of the structure as much. This
stabilization of Loop 1 in each oligomeric state helps
stabilize the catalytic residue Lys (K13 in TbhTIM,
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Figure 5. Dimeric interface loop fluctuations. (A) Cartoon view of interdigitation of front loops 1 and 4 with the front Loop 3
from the partner subunit. (B) Surface view shows the docking of front Loop 3 between the ridges of front loops 1 and 4 of the
partner subunit. (C, D, E, F, G, and H) Fluctuations of the two front loops 1 and 4 are shown in different oligomeric states in

three different organisms and in an engineered monomer.

K12 in TmTIM, and K14 in PwTIM) on this loop.
Figure 5(F) shows that the C-terminus of Loop 4 is
stabilized upon dimerization in 7. brucei TIM. While
tetramerization in T. maritima TIM does not affect
the fluctuation of this loop as much [Figure 5(G)],
tetramerization in P. woesei TIM reduces the fluctu-
ation of the C-terminus of this loop [Figure 5(H)].
This decrement of motion stabilizes the catalytic res-
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idues Lys on Loop 1 and His on Loop 4, as required
for catalysis.!®1!

Panels A, B, and C of Figure 6 show the reduced
fluctuations of Loop 2 after dimerization. Panels D,
E, and F of Figure 6 show the reduced fluctuations
of Loop 3 from the partner subunit after dimeriza-
tion. Front Loop 3 is the longest loop in the TIM
structures and has the highest mobility in the
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Figure 6. Changes in fluctuations of interface loops 2 and 3 in different oligomeric states. Supporting Information Figure 1
compares the fluctuations of front Loop 8 in different oligomeric states for T. brucei, T. maritima, and P. woesei. It is clear that
fluctuation of this loop increases upon tetramerization in the hyperthermophilic structures. Experiments show that the highly
conserved Loop 8 helps the TIM structure maintain a tight binding catalytic pocket. Especially, L238 in T. brucei TIM and L239
in 7. maritima TIM help maintain the high substrate specificity.2® However, in case of P. woesei TIM this is replaced by K210.
Higher fluctuations of Loop 8 may cause Leu to come out of its buried position to make room for the substrate to become

properly positioned within the pocket.

isolated subunit. Dimerization causes a large reduc-
tion in the mobility of this loop.

Dimerization lowers the fluctuations of the inter-
face loops 1, 2, 3, and 4 of each subunit in the TIM
structures and this reduction of mobility in the inter-
face loops heightens the catalytically important fluc-
tuations along the functional loops 6, 7, and 8. The
next section will delve into the details of the motions
of these functional loops upon oligomerization.

Oligomerization and functional loop motions
along the catalytic pocket

Front loops 6, 7, and 8. Front loops 6, 7, and 8
surround the catalytic pocket. Figure 7(A) shows the
functional loops in the open conformation of the
structure (Saccharomyces cerevisiae PDB 1YPI).
Here the substrate is copied over from the closed
TIM structure of the same organism (PDB 7TIM)
whose catalytic site is shown in Figure 7(B). Func-
tional Loop 6 closes over the catalytic pocket in the
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closed conformation. The “phosphate gripper” forms
the tip of this loop. This consists of the following res-
idues: 169-AIGTGLAA-176 in T. brucei TIM. By
switching from open to the closed conformation, this
“gripper” region makes a large excursion towards the
catalytic cavity—G173 making the largest movement
of 8.0A; and this motion for the residues on both sides
of it in the loop is reduced as you move away along the
sequence, as shown in Figure 8. This conformational
change of the “phosphate gripper” is important.® In
the open conformation, this region is disordered and
may actively recruit substrate. Once the substrate is
placed in the pocket, this loop stays in a closed confor-
mation by covering the opening of the catalytic pocket
and thus protecting the catalytic mechanism from
water invasion or other molecules.!”1

Panels C, D, and E of Figure 7 show the change
in the fluctuations of front Loop 6 upon oligomeriza-
tion in T. brucei, T. maritima, and P. woesei, respec-
tively. There are two important points in these
figures. First, Loop 6 in panel C has higher
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Figure 7. Differences of fluctuations of functional loops between the open and closed conformations. (A) Arrangement of func-
tional loops 6, 7, and 8 around the catalytic pocket in the open conformation (based on S. cerevisiae open TIM structure PDB
1YPI) where the substrate (pink) is inserted at the catalytic site by superimposing the open and closed conformations. (B) The
same arrangement in the closed conformation (based on S. cerevisiae TIM structure PDB 2YPI). (C, D, E) Fluctuations of func-

tional Loop 6; (F, G, H) Fluctuations of functional Loop 7.
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Figure 8. Changes in distances between substrate and dif-
ferent residues of the “phosphate gripper” between the open
(orange) and closed (cyan) conformations. The residue index-
ing and open and closed conformations of the loops were
generated using PyMol and the S. cerevisiae structure 1YPI
(open conformation) and 7TIM (closed conformation). The
excursions of the residues themselves in the “phosphate
gripper” toward the catalytic pocket are: A169 3.0,&, 1170
4.2A, G171 6.7A, T172 6.7A, G173 8.0A, L174 5.0A, A175
4.3A, and A176 1.6A. Colors for lines: orange—the

distance between the substrate and the residues for the
open conformation of Loop 6, cyan—the distance between
the substrate and the residues with the closed conformation
of Loop 6.

fluctuation than Loop 6 in panels D and E. This
implies that Loop 6 of T brucei TIM has higher fluc-
tuation than that of T maritima and P. woesei TIM
structures. Comparatively smaller fluctuations of
this loop in panels D and E is a result of an overall
increase in the stability in the hyperthermophilic
TIM structures (PDBs 1B9B and 1HGS3, respec-
tively). The second aspect of these fluctuations in
panels C, D, and E is that dimerization increases
the mobility of this loop and tetramerization in
hyperthermophilic organisms increases this mobility
even further.

Panels F, G, and H of Figure 7 show that the
average ENM fluctuations of Loop 7 in each case
increase after dimerization, and even further after
tetramerization. Moreover, in the open structure of
mesophilic T brucei TIM, Loop 7 has higher overall
fluctuations than that of the closed structures of
hyperthermophilic 7° maritima and P. woesei. It has
been found from experiments that Loop 7 synchro-
nizes its motions with the two hinge regions of
Loop 6 to drive the dynamics of Loop 6, whose
motions are important for substrate trapping, catal-
ysis, and product release.!®!! Therefore, it implies
that reduced fluctuations of this loop in the closed
structures (panels G and H) is important to facili-
tate the catalytic mechanism and the required coor-
dination with Loop 6 that to be discussed in a
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subsequent “Concerted motions of functional loops”
section.

From the results above we conclude that tetra-
merization in hyperthermophilic organisms is
required not only for structural stability but also for
functional viability for survival in the thermally
noisy extreme environment where those organisms
adapted to be functional.

Reduced stability and functionality of an
engineered monomeric TIM
Figure 9 compares the flexibility of different inter-
face and functional loops in an engineered monomer
monoTIM, and monomeric and dimeric conforma-
tions of T brucei TIM. The engineered monomer has
a shortened Loop 3, with eight residues from the C-
terminus of 7. brucei TIM having been removed to
prevent its dimerization at this interface. Figure
9(E) shows how the shortening of Loop 3 has
reduced the fluctuations of this loop in monoTIM.
Other two interface loops 1 and 2 show increased
mobility as a result. This has two consequences for
the catalytic loop fluctuations. First, the patterns of
fluctuations of loops 6 and 8 have changed in mono-
TIM. Second, the fluctuations of Loop 6 in monoTIM
are significantly damped down, but the catalytically
important Glul65 fluctuation has increased fluctua-
tions. This reduced stability of Glu 165 may be a
contributing factor in the diminished catalytic activ-
ity of monoTIM. Also, the damped down mobility of
the “phosphate gripper” region [Figure 9(F), 171:178
— AIGTGKVA] in monoTIM may decrease its sub-
strate hunting capability. This complies with the
experimental results that showed Loop 6 flexibility
to be essential for substrate recuritment.!®! Also,
Figure 9(C) shows that the catalytic Lys loses its
required rigidity in the engineered monomeric TIM
monoTIM. This could also be a contributing factor to
the reduced catalytic activity of monoTIM.
Engineered monoTIM has similar fluctuations
as that of a monomer of a 7. brucei TIM though it is
reduced compared to the dimeric counterpart. It has
been found from experiments that Loop 7 synchro-
nizes its motions with the two hinge regions of Loop
6 to drive the dynamics of Loop 6, whose motion is
important for substrate trapping, catalysis, and
product release.'®!! Therefore, the residual activity
of monoTIM implies that the decreased fluctuations
of Loop 7 are insufficient to generate the Loop 6
dynamics for the reduced substrate catalysis.*’

Concerted motions of functional loops

Correlations between Loop 6 and Loop 7
dynamics. Different experiments have shown that
Loop 7 plays a crucial role in the concerted motions
of the N and C-terminal hinge residues of catalytic
Loop 6, essential to maintain the high efficiency of

Role of TIM in Catalytic Activity


info:x-wiley/pdb/1B9B
info:x-wiley/pdb/1HG3

A FrontLoop 1
K}ﬁ Front Loo‘[‘32

\

Fré'rﬁ Loop 3

(partner subunit)

.,

1

“ Loop 1(12:18)
g :: ~@-monoTIM Mon
& |y 0~ TbTIM Mon C
By =-TbTIM Dim Y
Qg 3 A
= 1
|5 S
= ¢
4
&
2w K c N G s aQ Q
2 13 1% 15 16 17 18 19
. Loop 2 (43:48)
o )
=]
=y
8
15T
=
—
=,
1
/M
% 5 T 5 s H L
@ “ 4 % a7 4
o Loop 3 MonoTIM (64:70), ThTIM (64:78)
=
-g 50
[
=
(]
=
F
=
Z 1
S8

A K 8§ G A F T G E V 8§
8 69 70 71 72 T3 T4 75 76 7T 78 79

Residue

o=z
ar

FrontLoop 1

Front Loop 2

» Front Loop 3 \\
N (shortened) ( FFOH'[ LOOp 4
W A )

Loop 6 (167:180)

E P v w A 1 [ T G K v A T P
167 188 168 170 71 172 173 174 475 176 477 178 178 180
Loop 7 (211:218)

G G S5 v N G K N
2n 212 213 214 215 216 217 218
Loop 8 (234:240)

A
234 235 236

s P
37 238 239 240
0

Residue

Figure 9. Changes in fluctuations of the interface and functional loops. (A) Ribbon diagram of the interdigitation of front loops 1
and 4 with the front Loop 3 from the partner subunit. (B) Ribbon diagram of front loops 1 and 4 with the shortened front Loop 3
from a hypothetical partner subunit. Loop 3 is shown by an arrow in A and B. (C, D, E, F, G, H) Fluctuations of loops 1, 2, 3, 6,

7, and 8 are shown, respectively.

TIM production.*® Our analysis of TIM dynamics by
ENM detects the parts of Loop 6 and Loop 7 where
their motions are highly correlated and shows how
they are maintained for different oligomerization
states. Supporting Information Table SII shows the
significant correlations between different parts of
loops 6 and 7. It is evident that the “phosphate
gripper” region of Loop 6 has the highest correlation
with Loop 7 in each oligomeric state.

Katebi et al.

Correlations between Loop 6 and Loop 8
dynamics. We also computed the correlation
between motions of Loop 6 and Loop 8. Supporting
Information Table SIII details these values for the
four structures. The “phosphate gripper” region of
Loop 6 is highly correlated with Loop 8 in the meso-
philic dimeric TIM structure TbTIM. However, this
correlation is substantially reduced in the engi-
neered monomeric TIM monoTIM. Between the two
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Table 1. Significant Overlaps (> 0.40) of Modes of ENM Motions Between Chains in the Tetrameric P. woesei TIM*

Mode # 1 2 3 4 5

Mode # 1 2 3 4 5

Type 1 dimeric Chain A versus Chain B

Type 2 Dimeric Chain A versus Chain C

1 0.41 1

2 2 0.77

3 0.94 0.62 3 0.41

4 0.64 0.88 4

5 0.68 5 0.71
Tetrameric Chain A versus Chain B Tetrameric Chain A versus Chain C

1 0.52 1 0.42 0.42

2 2 0.82 0.76

3 0.59 0.47 3

4 0.45 4

5 5 0.74 0.89
Tetrameric Chain A versus Chain D Tetrameric Chain B versus Chain C

1 0.45 1 0.43

2 2

3 0.45 0.54 3 0.43 0.55

4 0.96 4 0.95

5 5
Tetrameric Chain B versus Chain D Tetrameric Chain C versus Chain D

1 1 0.52

2 0.42 0.83 0.73 2

3 3 0.59 0.46

4 0.41 4 0.47

5 0.77 0.89 5

2 Overlaps between chains A and B in Type 1 dimeric structure are larger than it is in Type 2 dimeric structure.
Overlaps between the chains across the center (chains A compared with chain D and chains B with C) is higher than any
two interface forming chains (chain A compared to B; chain A to C; chain B to D; and chains C to D).

hyperthermophilic structures, TmTIM and PwTIM,
the first structure maintains this high correlation,
but the second one does not.

Correlations between Loop 7 and Loop 8
dynamics. Supporting Information Table SIV
shows the details of the correlations between these
two loops for the four structures. Interestingly, the
direction of correlation has changed in the engineered
monomeric TIM monoTIM from that of the dimeric
TIM TbTIM. On the other hand, both hyperthermo-
philic TIM structures TmTIM and PwTIM maintain
high positive correlations between these two loops.
This could imply that correlations between loops 6
and 7, and between loops 6 and 8, are stronger in
TmTIM and PwTIM compared to monoTIM and
TbTIM. The significance of this lies in the following
proposition: higher oligomerization increases func-
tional loop correlations in the tetrameric structure,
making it more efficient than its dimeric counterpart.

Overlap of modes of ENM motions

Our computation shows that the overlap of motions
between chain A and chain B in a hypothetical Type
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1 dimeric structure is much higher than the overlap
between chain A and chain C of a hypothetical Type
2 dimer for Pwoesei TIM, shown in Table I. How-
ever, in the tetrameric structure, overlaps between
the chains across the barrel are the highest, and
they are almost symmetric for the two pairs—chain
A compared with chain D and chain B compared
with chain C.

Changes of loop motions with change in
correlations of functional loop motions

The change in flexibilities of functional loops after
oligomerization not only facilitates substrate binding
but also increases the correlation between functional
loop motions required for the synchrony of the cata-
lytic mechanism. In tetrameric TIM, we can observe
a higher rigidity in loops 1, 4, and 8, with higher
flexibility in loops 6 and 7. The correlations between
loops 6, 7, and 8 also increase overall in the tetra-
meric TIM structures.

In hyperthermophilic TIM, teramerization is
required to achieve sufficient cohesion to carry out
the catalysis. Two functionally inactive dimers come
together to form a functionally active tetrameric

Role of TIM in Catalytic Activity



complex. This tetramerization increases functional
loop fluctuations and their correlations as well.

Discussion

Motions of the interface loops and the functional
loops are interdependent. Dimerization at the inter-
face loops (front loops 1, 2, 3, and 4) changes not
only their dynamics and correlations but also that of
the functional loops (front loops 6, 7, and 8), making
them highly efficient for substrate recruitment, cata-
Iytic activity, and product release. Tetramerization
improves the functional loop dynamics and further
enhances their coordination.

Interface loops 1, 2, 3, and 4: Dimerization of
TIM brings the catalytic residue Lys on Loop 1 and
His on Loop 4 closer to the catalytic pocket. Also, it
reduces the fluctuations of the interface loops, thus
stabilizing the structure and facilitating the
required motions among the interface loops 6, 7,
and 8.

Functional loops 6, 7 and 8: Motions of loops 6,
7, and 8 depend on two events:

e Oligomerization: Motions of these loops increase
because of oligomerization which is necessary for
substrate recruitment and product release.

e Substrate binding: Motions of these loops decrease
after substrate binding which is necessary to pro-
tect the catalytic cavity from penetration of any
unwanted small molecules.

Leu on Loop 8 responsible for the highly specific
shape of the TIM catalytic cavity is believed to be
stabilized because of the reduced Loop 8 motions
after substrate binding.

Correlation of the functional loops. Loops 6
and 7 maintain a high correlation, regardless of the
oligomeric state of TIM. Interestingly, in different
oligomeric states, Loop 7 changes its highest correla-
tion value with different parts of Loop 6. This might
imply that although different oligomeric states have
high correlation between Loop 7 and different parts
of Loop 6, Loop 7 of the functionally active oligomers
(monoTIM, TbTIM dimer, TmTIM tetramer, PwTIM
tetramer) achieves the expected overall high correla-
tion in the required region of Loop 6.

Catalytic competency of TIM hinges on two
important things: (i) stability of Loop 1 and Loop 4
(catalytic residues Lys and His on Loop 1 and Loop
4, respectively); and (ii) flexibility and coordination
of Loop 6 and Loop 7. Tetramerization increases
both as dimerization does. Hence, the hyperthermo-
philic organisms adapted to survive in the extremely
high temperature through the tetramerization of
this structure.

Thus dimerization can be considered as a switch
for TIM structures that helps these structures to
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achieve functionally important motions. In addition,
tetramerization improves the stability of the struc-
ture and also enhances the required structural coor-
dination. Closed structures have reduced Loop 6
fluctuations compared to the open structures. This
means that higher fluctuation in the open structure
enables the structure to reach about farther in its
vicinity to recruit substrate. In the closed structure,
the residual fluctuations of Loop 6 retain the proper
dynamics to assist the catalysis in a safe catalytic
pocket. 549

To summarize, the computations and analyses
that we have carried out here reveal underlying rea-
sons of some of the previous experimental findings
about the dynamics of the functional loops of the
TIM structures in different oligomeric states. The
computations further show details of the allosteric
regulation of the dynamics of the functional loops.
Our results also indicate that tetramerization
increases the stability of the interface loops, the flex-
ibility of the functional loops, especially loops 6 and
7, and the coordination between them (loops 6 and
7), all of which may be important for the hyperther-
mophilic organisms to survive at extreme
temperatures.

Materials and Methods
Data set preparation

TIM structure database. We have downloaded
121 TIM structures from the Protein Data Bank
(PDB) (www.pdb.org)®® dated 10/14/2011. After
extracting each chain from the structures we have a
database of 307 individual TIM chains. This data-
base contains monomeric chains (engineered or
mutated so that dimerization does not happen),
dimeric chains (either wild type or mutated), and
tetrameric chains for four hyperthermophilic organ-
isms—1B9B (T. maritima), 1HG3 (P. woesei), IWOM
(T. tenax), and 2H6R (M. jannaschii). Functional
Loop 6 is the most disordered region of the TIM
enzyme, and many structures are missing this loop,
either in part or in its entirety. After removing all
chains with missing Loop 6, we have 267 chains
remaining. These PDB Ids are listed in the Support-
ing Information.

We have normalized these chains by aligning
each chain with chain A of the yeast PDB structure
2YPI. PCA shown in Figure 1 is based on this set of
selected TIM chains.

PDB structures to measure the allosteric effect
of oligomerization: We have selected four PDB struc-
tures to observe the allosteric effect of TIM oligome-
rization: 1IMSS (Engineered monomer from 7! brucei
TIM), 1TPE (T. bruce: TIM), 1B9B (T. maritima),
and 1HG3 (P. woesei). The detailed descriptions of
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these structures can be found in the Supporting
Information.

Principal component analysis (PCA)—exploring
the TIM structure space by PCA

PCA—Principal Component Analysis. It is a
multivariate technique to analyze data where the
observations are described quantitatively by a set of
inter-correlated variables. The goals are to (i) extract
the most important information from the data; (ii)
remove noise and compress the size of the data set
by keeping only the most important information; (iii)
simplify the description of the dataset; and (iv) ana-
lyze the structure of the observations and the varia-
bles. This method generates a set of new orthogonal
variables called principal components (PCs). Each
PC is a linear combination of the original variables.
Hence, PCA can be considered as a mapping of the
data points from the original variable space to the
PC space. PCs are computed in such a way that
when each data point is projected onto PC1, the
resulting values form a new variable that has the
maximum variance among all possible choices for
the first axis. Similarly, when each data point is pro-
jected on PC2, the resulting values form another
new variable that has the maximum variance among
all possible choices for the second axis, and so forth.
While there are a large number of PCs, usually only
a few PCs are sufficient to understand the structure
of the data.’! The mathematical derivation of the
PCs is summarized in the Supporting Information.

Exploring the TIM structure space by PCA.
The coordinates of 14 residues that span the Loop 6
residues are extracted from each of the 267 chains
of the TIM structure dataset, normalized TIMchains.
The motifs that are used to find the start of Loop 6
are: EPIWAIG, EPVWSIG, EPPELIG, EPLWAIG,
EPLWAIG, EPVWAAT, EPVWAIT, EPVWAVG, EPL-
FAIG, EAVWAIG, and DPVWAIG.

Here, the 14 residue positions on Loop 6 are the
variables of the data set for PCA. The 267 segments,
each spanning the Loop 6 of each structure, are the
data points. We use princomp function of Matlab
Statistical Toolbox to compute the PCs (PC1, PC2,
PC3 ...) (2010a, The MathWorks, Natick, MA).

Modeling dynamics

Given two structures, we compute their normal
modes using the Anisotropic Network Model
(ANM);?2 we have chosen a cutoff value of 12A. The
normal modes for each structure are represented as
a set of vectors. The normal modes from one ANM
model can be compared to the normal modes from
another ANM model using the following equation
which describes the “Overlap” between the direc-
tions of the ith mode of one model and the jth mode
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of another model as described by Tama and Sane-
jouand®® and Leo-Macias et al.>*

_ MM

0=l
Y |

We adapted these metrics to compare the func-
tional loop dynamics of TIM structures of different
oligomeric states. We select the equal length match-
ing segments of loops from a specific protein pair
and extract the normal modes for only those seg-
ments from the ENM results. Then we compute
Overlap for each of the re-orthonormalized sets of
modes.
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