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Abstract

Human triosephosphate isomerase G122R, also knosvriTRA-Manchester, is a
thermolabile variant detected in a screening of anibian 3,400 individuals from a
population in Ann Arbor, Michigan. Here, the crjlkigraphic structure of G122R was
solved to determine the molecular basis of its nitarstability. Structural analysis
revealed an increase in the flexibility of residaethe dimer interface, even though R122
is about 20 A away, suggesting that long-ranget@siatic interactions may play a key

role in the mutation effect.

1. Introduction

Human triosephosphate isomerase (hTPI) is a homesdinenzyme that catalyze the
glycolytic conversion of dihydroxyacetone phosphtieglyceraldehyde-3-phosphate.
The crystallographic structure revealed that eaotomper adopts #/(a) 8-barrel fold [1]
(Fig. 1a). The[{/a) 8-barrel fold defines two faces located in the twouths of the barrel.

One of these faces is called the catalytic facal®e it contains the catalytic site [2] (Fig.



1b and c). On the noncatalytic face, there ardogips and one-helix connecting the
secondary elements of th@/d) 8-barrel fold (Fig. 1d). On the catalytic fackéet
connections are more complex, involving taxelixes and two larger loops (Fig. 1d).
One of these loops is the dimeric loop, which iglwed in the dimeric interface. It
protrudes from the bulk of its own subunit and doitko a pocket of the other subunit.
The other is a catalytic loop that adopts a clagmeli conformation depending on

substrate binding [3].
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Figure 1: Structural description of hTPI (holo-w®). Subunits A and B are shown in cyan and dgaiac
respectively. In both subunits thesheets are shown in blue. (b). The eigistrands of thep{a) 8-barrel
fold of the B subunit. (c). The secondary struciements of the B subunit belonging only to /e 8-
barrel fold. (d). Topology diagram of hTPI. Orang@ows indicate-strands, purple cylinders indicate
helices, numbers included in the secondary straalements indicate residues; loops are indicaged b
The substrate analogue 2-PG is shown in spherésafad c).

Missense hTPI mutations affecting either enzymatativity, dimer interface or
thermostability have been described in individydis]. TPI deficiency results from
being homozygous for some of these mutations cerbeygous between them. TPI
deficiency belongs to a group of disorders knowglgsolytic enzymopathies, which are
characterised by chronic haemolytic anaemia, sevaregressive neurological
dysfunction such as cardiomyopathy, susceptibility infections, etc. [4-7].

Crystallographic studies were performed to elu@dae structural basis of the disease in



the E104D mutant (the most lethal mutation) and RRB40L mutant [9,10]. Both are
thermolabile and the mutations affect non-covaietgractions at the dimeric interface.
The G122R mutant, also known as TPI-Manchester,deasribed and studied by Dr.
H.W. Mohrenweiser and was found to be thermolafll&-13]. It was found in a
heterozygous individual with a normal allele. Taejano patients with homozygous
G122R or compound heterozygotes with another nautdtave been reported. Therefore,
it is not possible to assess the severity of th@atimn. Here we have solved by X-ray the
structure of hTPI-G122R in the presence (holo-GJ)22Rabsence (apo-G122R) of the
substrate analogue phosphoglycolic acid (2-PG). dihes of this study were: (a) to
identify the region of the structure affected bg thutation by comparing the B'-factors
between wt and mutant hTPI and to determine whediseE104D and F240L, the dimeric
interface is involved; and (b) to determine how thetation relates to the region
identified in the previous point. For this purpoae, have analysed for G122R:

I- Displacements of secondary structure element®oformational changes,

li- changes in the flexibility of residues analygiB'-factors,

iii- loss or formation of hydrogen bonding or dafidge interactions,

iv- whether the location where these changes asergbd is consistent with previously

described biochemical effects.

2. Materials and methods

2.1 Chemicals

Human Triosephosphate isomerase (hTPIl, GenBank eu®8015100) cDNA clone
was from Open Biosystems, DTT was from Promdgsgherichia coli strain Rosetta
(DE3) and vector pET15b were from Novagen, and piaglycolic acid (2-PG) was

from Santa Cruz Biotechnology.

2.2 Human TPI mutagenesis, expression and purificetn

The cDNA of human TPI subcloned into the expressiector pET15b, downstream of
the Hig-tag, was used as template to generate the G122@ntnby site-directed
mutagenesis utilizing the QuikChange site-directedagenesis kit (Stratagene, La Jolla,
CA, USA). The plasmid harboring Hi6&122R cDNA was transformed inEscherichia
coli strain Rosetta (DE3). Cells were grown at 37°ClinLB medium containing
ampicillin until an absorbance value of 0.8-1.01l¢t time, they were induced with 0.15

mM Isopropylp-D-thiogalactopyranoside overnight at 18°C. Thdsoekre centrifuged,



resuspended in 20 mM Tris-HCI pH 7.5 containing ®.9NaCl and 10mM imidazole

(column buffer), and homogenized using an EmulsHd8& device (Avestin, Inc.,

Ottawa, Canada). The clarified lysate was passedigin a HisTrap FF column (1 mL)
and it was then washed to give base-line UV absmdowith column buffer. The proteins
were eluted with an imidazole gradient (0—-250 mMyl @he fractions containing the
protein were pooled, incubated with 10 mM DTT fdér & room temperature, desalted
with 50 mM HEPES pH 7.7, 1 mM EDTA and concentrat@etein concentrations were

measured at 280 nm using the 33460 &ni! molar extinction coefficient.

2.3 Crystallization, data collection and structuredetermination

8 mg/mL of apo-G122R was crystallized in 0.1 M HERgH 7.5, 20 % PEG 4000, and
10 % 2-propanol as previously described [1]. Thestals were grown using the hanging
drop vapor diffusion method at 10 °C. Holo-G122Rswaaked for 5 minutes with 1 pL
of 100mM 2-PG. The crystals were cryo-protecteddmgking in a solution containing 70
% mother liquor and 30 % glycerol before being Ha®zen. Diffraction data were
collected at the Protein Crystallography Beamlin®@1B-MX2 of the Laboratoério
Nacional de Luz Sincrotron (LNLS), Campinas, Brégiavelength = 1.4586 A), at 100
K using a PILATUS 2M detector (Dectris). The datarg processed and scaled using
MOSFLM [14] and Scala [15], and subsequent analysis performed using the CCP4
suite [16]. Both apo-G122R and holo-G122R crystadse isomorphous with the wild
type human TPI crystal (PDB ID 2JK2) [9] which wased as a starting model for the
refinement of the data, using the program REFMAQS3] [after removing solvent
molecules. After the proper side chains had beeodoced, the models were subjected
to alternating cycles of refinement in REFMAC5 am@nual inspection and model
building with the program COOQOT [18]. Ligand andwsait molecules were added to the
models in the final stages of refinement basedkaménation of difference density maps.
The atomic coordinates and structure factors (FatdeB and 7UXV) has been deposited
in Protein Data Bank (PDB) (Table 1). The structigares were generated with PyMol

program.

2.4 Structure analysis
The Baverage program (part of CCP4 suite) [19] wszsl to obtain a table of average B-
factors and rms deviations of the main chain, tde shain of each residue and of the

overall structure. The normalized B-factor (B’-faqtis equal to:



B’-factor = [B'faCtO(main-chain or side-chaim- Average B'faCt%ain-chains or side-chair]é)o\verage
rms B-factOfmain-chains or side-chains)
The distances were determined using COOT progra®h [RelPhiForce webserver

[20,21] was used to calculate the electrostaticesr

2.5 Statistical analysis
Results were analyzed for statistical significawdé the t-test (Unpaired t test or Mann-

Whitney test) utilizing GraphPad Prism 5.0 software

3. Results

3.1 G122R structure

Apo-G122R and holo-G122R crystals diffracted a0Aand 2.15 A, respectively (Table
1). hTPI-wt structure (apo-wt, PDB ID 6UP1 and help 6UP5) [10], were used as a
control. In the four protomers of apo- and holo-@R2 the electron density around
residue 122 was greater than that expected foyang! and was attributed to arginine
with the same rotameric state for all subunits (2 The mutation did not induce
conformational changes, as the root mean squaratev(rmsd) between wt and G122R
did not show significant differences (data not shpwhich may be due to the bulky side
chain of R122 being oriented towards the solverd.(B). Regarding holo-G122R, no
differences were found between wt and F240L whenadbntacts between 2-PG and

catalytic residues were analysed (data not shown).

Table 1

Data collection and refinement statistics

apo-G122R holo-G122R

Data set
(PDB ID 7UXB) (PDB ID 7UXV)

Space group R2:12, P22,2,
a (A 65.20 65.12
b (A) 75.23 75.25
c (A 93.20 92.80

. 65.20-2.00 65.12-2.15
Resolution Range (A) 56575 00) (2.22-2.15)
Observed reflections 177,531 139,858
Independent 31,672 25,450

reflections



Rmerge (%) 6.7 (23.1) 9.5 (49.2)
/o 14.8 (5.1) 11.5(3.4)
Completeness (%) 99.9 (99.4) 100.0 (100.0)
Multiplicity 5.6 (4.9) 5.5 (5.7)
Refinement

Reflections in 30,092 24,120
Reryst. (%)° 17.11 18.83
Riree(%0) (test set 59%) 22.83 24.60
Average B-factor

Protein 24.65 30.64
Ligand 34.61 47.00
Solvent 32.30 33.55
{ér:{;hi (O/{‘y bond 0.011 0.007
;;’glse'g'(%” bond 1.415 1.193

The values in parentheses refer to the highestutémo shells.

®Rmerge =hZi | lih — <lh> | /ZhZi<Ih>, where <h> is the mean intensity of the@bservations of reflectiom

bRcryst =X | |[Fobs| - |Fcalc| |¥ |[Fobs|, where |Fobs| and |Fcalc| are the obsenekdalculated structure factor
amplitudes, respectively. The summation includeselections used in the refinement.

‘Rfree =X | |Fobs| - |Fcalc| E/|Fobs|, evaluated for a randomly chosen sub&taif the diffraction data not included
in the refinement.

4 Root mean square deviation from ideal values.

(b)

Figure 2. Electron density map showing the mutatibiglycine to arginine at position 122 of the apo-
G122R structure (d = 2.00A). 2Fo-Fc (in blue) amdAe (in red) density maps contoured atahd %,
respectively, were generated around residue 122 wheas modelled as (a) glycine or (c) as argin{bg
The omit map was generated by omitting residue G122



Figure 3. R122 localisation. (a). Structure of hGIb22R (grey, A subunit; dark grey, B subunit).. (fhe
secondary structure elements of holo-wt belonginly to the f/a) 8-barrel fold. The R122 residue (in
green) and 2-PG (in orange) are shown as spheres.

3.2 Flexibility of residues: analysing the B'-factes

The analysis of the increase in flexibility in t8d22R structure was the approach used
to identify the region affected by the mutation. dm this, normalised values of the B-
factor (B'-factor) of the main or side chains wefgained from the PDB files and
compared between wt and G122R (see Materials atldoa®. The B'-factor is used as
a tool to identify flexibility in different partsfdhe protein structure [22]. High values of
the B'-factor indicate high flexibility or mobilitywhereas low values indicate more rigid
positions. The B'-factor values of each residuevbbr G122R were taken from four
protomers (two from apo- and two from holo-wt/G132Ro n=4 is available for
statistical analysis. This provides strong statgtsupport for the changes in the B' factor
between wt and G122R, making the results reliabtavever, for a correct analysis of
changes in B'-factor values, certain typical suradt features of TPI-wt must be taken
into account:

A) The catalytic loop (residues 167-177) is knowshow high mobility in several TPI
structures. Here, the catalytic loop of the apodBumit and holo-G122R show high
mobility, which is reflected in their high B’-faate. The loop interacts with7 anda8,
and these regions also show high mobility [10]. §huis not possible to reliably analyse
changes in mobility between the wt and G122R ve#idues involved in those secondary
elements.

B) The holo-structures were obtained by 5 min ofstal soaking with 2-PG, and
therefore, the residues that interact with it at¢htalytic site have high B’-factor values
compared to the apo-structures. Thus, as catdlybis residues, it is not possible to

reliably analyse changes in the mobility of thessdues between the wt and G122R.



However, it is important to note that residue 18hot affected by the mobile parts
mentioned above, as it is located on the noncatdiyte, at the N-terminus @6 (Fig.

1d and Fig. 3). Therefore, in order to analyse idedtify the residues affected by the
mutation, the B'-factors of each residue belondm@ll thea-loop§ segments of the
noncatalytic face (Fig. 1d) of th@/¢) 8-barrel were determined. We are certain that a
residue is affected by the mutation when its Btdawalue in G122R is significantly
higher than in wt. The highest values of the B'téas correspond to less negative values
indicated on the inverted ordinate axis in Figndl &ig. S1. Fig. 4 shows the segments
a-loopf3, where the residues that have increased B'-factotise main chain or side chain
have been found. The rest can be seen in Fig. &ld&es K18, L24, 125, G26 and N29,
all belonging tax1, were found to be affected in the main chaingamnd the side chains
(Fig. 4a and b), together with D49, R52, Q53, KB85 and A60, belonging ta2, L2
andp3 (Fig. 4c and d). On the other hand, residues Y1437, V149, A151, D156,
E183, V184 were found with a decrease in B'-factbig. S1). These residues belong to
a7 anda8. As mentioned above, thesdelixes interact with the catalytic loop and were
not analysed.
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Figure 4. Flexibility analysis of residues locatedhe noncatalytic face.'Bactors of the main chain (a, c)
or side chain (b, d) for each residue (belongingelpmentil-L1-$2 ora2-L2-33) corresponding to the A
and B subunits of each apo-structure and holostredn = 4). The highest values of théf&ctors
correspond to less negative values indicated onotllmate axis. Values represent mean + SEM. *
Significantly different (P < 0.05).



3.3 Non covalent interactions of R122

LIGPLOT software was used to identify all residuleat form hydrogen bonds or salt
bridges with the side chain of R122. This was doneorrelate the effect of the presence
of a positively charged amino acid, such as R12fh the increased mobility of the
residues shown in Fig. 4. This analysis was peréarion four G122R subunits (two from
apo-G122R and two from holo-G122R). It was founak tifhe side chain of R122 only
forms a hydrogen bond with E38 through a water mde(Fig. 5) and does not form a
salt bridge with other residues. However, E38 slibne increase in B'-factor (Fig. 4a
and b), probably because its side chain formstebsdge with R205 and two hydrogen
bonds with W90 and R205 (data not shown). As wal rhentioned later, the more
hydrogen bonds a residue has on the side chaimdne stable its position will be and
therefore it will have a lower B’-Factor value, whimeans it will have less mobility.
Under these conditions, an increase in mobilitytdiuee appearance of a charged residue

such as R122 is less likely.
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Figure 5. Schematic diagram of hydrogen bond nétioked to R122 (represented by dashed lines)
generated by LIGPLOT software using holo-G122R Ri3. Water molecules are indicated as “hoh”.

3.4 Long-range electrostatic interaction of R122

Since the presence of R122 did not induce confoomat changes or salt bridge
formation, and its single hydrogen bond interactioth E38 through a water molecule
had no effect, then the possibility that the effeets a consequence of a long-range
electrostatic interaction was evaluated. Long-raglgetrostatic interactions are known
to be important in catalysis [23], protein stalil[R4], protein interaction [25], etc.
Coulombic interactions between charged residuearatsd by 15 A or 26 A have been
described to play a key role in transition statenglex stability in catalysis [23] or in

protein binding [25]. For these analyses, chargsitues that are affected only at their



side chains (where the charge is located) have belested from Fig. 4b and d. There,
K18 and D49 are the only charged ones affectethenside chains. While the shortest
distance between R122 and D49 is with both residudse same subunit (20.10 £ 0.08
A), the shortest distance between R122 and K1&fsemch residue in a different subunit
(20.48 £0.19 A). In order to understand why K18 &49, but not other charged residues
closer to R122, were affected, all charged residoested on the noncatalytic face and
up to a distance of 25 A from R122 (Fig. 6) weralgsed, comparing the B'-factor of the
side chains and counting the number the hydrogaeddestablished in the side chain by
each charged residue in order to determine theedegf stabilisation that would

compensate for the long-range electrostatic infteeaf the presence of R122. The
number the hydrogen bonds was determined using L@3Fsoftware and both, apo- and

holo-structures of wt and G122R.

K32 A D$SA RI7B

KIS5A D156

Figure 6. Charged residues on the noncatalytic. fibhe A and B subunits of apo-G122R are shown in
green and blue respectively. R122 are shown ianedhe charged residues included in Figure 4raoes
in yellow.

The B'-factors of charged residues ordered by nitstdrom R122 are shown in Fig. 7a
and by number of hydrogen bonds established whkratesidues in Fig. 7b. It is clear
that there is a strong correlation between theesbf the B'-factors and the number of
hydrogen bonds, the interpretation being that twel stabilization leads to higher
mobility. (Fig. 7 b).
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Figure 7. Flexibility analysis of charged residlesated in the noncatalytic face! factors of the side
chain for each residue corresponding to residugbeofA and B subunits of each apo structure and hol
structure, (n = 4). (a). Charged residues arramgedrding to distance form R122. (b). Charged tessd



arranged according to the number of hydrogen bamdtheir side chains (for wt and G122). Red filled
circles identify residues that form salt bridgeseThighest values of the’ Bactors correspond to less
negative values indicated on the ordinate axisudarepresent mean + SEM. * Significantly differ@t

< 0.05).

With the exception of D156 and D49, the 17 residiesvn in Fig. 7a that are at a shorter
distance from R122 than K18 not showed differemcéhe B’-factors between wt and
G122R, and therefore were not affected by the nauiasince they showed either high
mobility or high stabilisation. K159, K5, K155, D3%hd D198 have no hydrogen bonds
and therefore they have exhibit high mobility. R84 and D227 have one hydrogen
bond but still have some mobility. The same apple¥K58, D225, E199 and E38,

although they have two hydrogen bonds. The remgiresidues have more than three

stabilised and yet has low mobility. This structdieature explains why K18 could be the
target of effect of the mutation. With regard tod81a lower value of the B'-factor was
observed in the mutant. This is due to the fadt b6 forms an additional hydrogen
bond with K159 in G122R, since the side chain ob&Xclose to R122) changes its
orientation in the presence of R122 and approa€fess. (Fig. 8). This change in
orientation reduces the distance between the cgrltdatom of D156 and the amine N
atom of K159 from 3.64 +0.02 A in wt to 3.21 + 88 in G122R (Significantly different,
P < 0.05). Regarding charged side chains, therdisthetween the®atom of D156 and
the N atom of K159 is also reduced from 7.29 + 0.11 A1 + 0.18 A (Significantly
different, P < 0.05). As a consequence of thegeantions D156 is more stable in G122R,
which is why it showed a lower B -factor value thidwe wt. With respect to D49, it
establishes four hydrogen bonds through its sidénctstabilising it. However, the B’-
factor increased. D49 forms a salt bridge with K&ig. 9a, red dashed line), which is the

cause of its increased mobility.

G122 \&

(@) | (b)

Figure 8. D156 stabilisation. (a). Position of K1if3he A subunit of apo-wt. (b). Position of K1B0the
A subunit of apo-G122R. The yellow dashed linedatks the distance between the atoms.



3.5 Hydrogen bond network linked to K18 and D49

With K18 being the target of the effect of the ntiata, all residues in its hydrogen
bonding network could be affected. This would irsethe B'-factors depending on their
degree of stabilisation. Fig. 9a shows the hydrdgerd network linked to K18 and D49
in different subunits, generated by LIGPLOT softavéfig. 9a clearly demonstrates that
several residues in the hydrogen bonding netwarlakmo those identified to be affected
by the mutation in Fig. 4 (G26, R52, Q53 and L3%)e other affected residues in Fig. 4
(L24, 125, N29, K54 and A60) are not present in tiework, but the neighbouring
residues in the chain are present (E23, G26, A36, 159), which according to Fig. 4
have a non-statistically significant increase ia Bi factor in G122R. As shown in Fig.
9b, this hydrogen bonding network is located atdineeric interface and, as E104D and
F240L, G122R also affected the dimeric interface.
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Figure 9. Location of residues affected by the iioga (a). Schematic diagram of the hydrogen bond
network linked to K18 and D49 (represented by gegshed lines) generated by LIGPLOT software using
apo-G122R coordinates. Residue labels belonging to B subunits are coloured in blue and green,
respectively. The red dashed line represents tlidsdge. Water molecules are shown as "hoh". The
residues identified in Figure 4 are underlinedlack. (b). Surface representation of apo-G122R revide
subunit and B-subunit are shown in green and gespectively. R122, D49 and K18 are shown in cyan,
orange and blue, respectively.

4. Discussion

Human triosephosphate isomerase G122R, also knewhP&Manchester, has been
described as thermolabile [11-13]. Previous stmattstudies using crystallographic
structures have been performed with E104D and F24,00]. They are also thermolabile
and in both cases the mutation affected the dimterface. Calorimetric studies carried
out on the recombinant version showed that the GmEf04D, F240L and G122R was
approximately 20 %, 15 % and 5 % less than wt,@etsgely [26], suggesting that a large



loss of thermostability is not necessary to indd®ase. Here we solved the crystal
structure of apo-G122R and holo-G122R and useckttbesrdinates to analyse which
region of the structure is affected by the mutatiod how the mutation relates to it. As
shown in Fig. 4, residues belongingetb and L2, which are both involved in the dimer
interface, were affected by the mutation (Fig. 4 &my. 9). However, R122 is located
approximately 20 A from the dimer interface. Inaatempt to link R122 to these residues,
LIGPLOT software was used to identify the hydrogpemding network associated with
the side chain of R122. Only E38 was found to farinydrogen bond with R122 side
chain, however E38 was not affected accordingst®itfactors value (Fig. 4). Thus, the
connections of R122 with the affected zone throagbrt-range interactions such as
hydrogen bonds or salt bridges were not found. &fbee, long-range electrostatic
interactions were evaluated. For this, the chamgs@tlues of the affected zone and all
charged residues up to 25 A of R122 were analySigd 6 and Fig. 7). In the wt, only
K18 showed a peculiarity: it has no hydrogen bonda® side chain and would therefore
be poorly stabilised and yet showed a low B'-fad®sobably the salt bridge with D49 is
responsible for the low B'-factor. This rigidityjttv little stabilisation, would be easily
modified by the appearance of a charge such as.R1#2rest of the charged residues
showed either high mobility or high stabilisatidtere, high mobility (higher B'-factor
values) correlates with the absence or low amaotimga@rogen bonding in the side chains.
Because of this high mobility, the effect of anrgase in its mobility as a result of the
appearance of a charge such as R122 could not aff@tready high B'-factor value. On
the other hand, low mobility correlates with a Eangumber of hydrogen bonds and
therefore the side chain position will be more tglow B'-factors). As mentioned above
for E38, under these conditions an increase in litypdue to the appearance of a charged
residue is less likely. Long-range electrostatiteriactions have been implicated in
stabilisation, binding, catalysis, etc. [23-25]slhot clear how large the distance between
the charges can be for the interaction to be eWecEor example, Jackson S. E. et al.
found a stabilising role for D36 and D99 on thensidon state complex of the serine
protease subtilisin BPN. Both were located 15.2 idl 42.6 A from the complex,
respectively [23]. Pabbathi A. et al. identified4D2 and E3320 as modulators of the
affinity between dynein and microtubule bindingcdted at 26 A and 12 A from the
binding interface, respectively [25]. The electatist force between R122 and K18 was
calculated using the DelPhiForce webserver [20,2Mias found to be 0.086 + 0.003

kT/A. This value is in agreement with other longge electrostatic calculations



performed in the interaction betweeffs tubulin [27] and kinesin-5 and tubulin [28]. To
validate the effect of a mutation, alternative niotas are often generated. Crystallising
G122K and analysing whether K122 has the sametef$gi®122 could be one possibility.
However, although both arginine and lysine aretpady charged residues, they differ
in length and charge distribution. Therefore, tfieat may or may not be replicated. On
the other hand, it could be considered as suffiargarmation to validate the results to
have four structures (n=4) to analyse the effek$sa method of supporting studies of
flexibility or residue movement in proteins, molé&udynamics is often used. However,
we can observe mobility without recourse to simalaby using PDB files to calculate

B' factors. In conclusion, the present study isaaalysis of the structural effects of the
TPI-Manchester mutant. This work is intended to ptate the studies initiated by Dr

H.W. Mohrenweiser a pioneer in the study of thighmutant.
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