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Abstract Calreticulin (CRT) is a soluble, lectin chaperone
found in the endoplasmic reticulum of eukaryotes. It binds
the N-glycosylated polypeptides via the glycan intermediate
Glc;Mans_oGIcNAc,, present on the target glycoproteins.
Earlier we have studied interactions of substrate with CRT
by isothermal titration calorimetry (ITC) and molecular
modeling, to establish that CRT recognizes the Glco1-3
linkage and forms contacts with each saccharide moiety of
the oligosaccharide Glcaxl-3Manal-2Manx1-2Man. We
also delineated the amino acid residues in the sugar binding
pocket of CRT that play a crucial role in sugar—CRT binding.
Here, we have used mono-deoxy analogues of the trisac-
charide unit Glcaxl-3Manx1-2Man to determine the role
of various hydroxyl groups of the sugar substrate in sugar—
CRT interactions. Using the thermodynamic data obtained
by ITC with these analogues we demonstrate that the 3-OH
group of Glcl plays an important role in sugar—CRT
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binding, whereas the 6-OH group does not. Also, the 4-
OH, 6-OH of Man2 and 3-OH, 4-OH of Man3 in the
trisaccharide are involved in binding, of which 6-OH of
Man2 and 4-OH of Man3 have a more significant role to
play. This study sheds light further on the interactions
between the substrate sugar of glycoproteins and the lectin
chaperone CRT.
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Abbreviations

ER Endoplasmic Reticulum

CRT Calreticulin

CNX Calnexin

ERAD Endoplasmic Reticulum Associated protein
Degradation

ITC Isothermal Titration Calorimetry

GST Gluathione-S-Transferase

IPTG Isopropyl 3-D-1-thiogalactopyranoside

MOPS 3-(N-Morpholino)-propanesulfonic acid

SDS-PAGE  Sodium dodecyl sulphate-Polyacrylamide
Gel Electrophoresis

Introduction

The quality control of proteins in cells is monitored by
many mechanisms that are generally connected to degrada-
tion pathways. The endoplasmic reticulum (ER) is the port
of entry and the main folding compartment for proteins
destined to the exocytic pathway. ER quality control
prevents the deployment of potentially harmful molecules
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to their final destinations and maintains homeostasis within
the ER [1-3]. The oligosaccharide moieties present on
many ER-synthesized proteins have been shown to play a
crucial role in the quality control. Protein-carbohydrate
interaction and recognition play crucial roles in the folding,
assembly and trafficking of these polypeptides [4, 5]. The
two homologous calcium and carbohydrate binding chaper-
ones, Calreticulin (CRT) and Calnexin (CNX), which reside in
the ER, aid this process. These lectin-like chaperones bind to
the core glycan structure of the glycoproteins (Glc;Mans_g
GIcNAc,) [6-11]. Interaction with other protein folding
catalysts such as protein disulphide isomerase and ERp57
assists in the protein folding process and prevention of
aggregation of incompletely folded intermediates [12, 13].
Although CRT and CNX share high sequence identity and
carbohydrate specificity, the set of glycoproteins interacting
with each of these lectin chaperones overlap only partially
[6, 14]. The crystal structure of CNX established it as a
monovalent lectin. Identification of the ligand binding site
provided insight into the mechanism by which it interacts
with its substrates [15]. Given the sequence similarity
between CNX and CRT and the lack of crystal structure of
CRT, we earlier carried out molecular modeling of CRT
lectin domain based on CNX [16].

The binding of CRT is specific for monoglucosylated N-
linked oligosaccharides. As the Glc;sMans_oGIcNAc, glycan
moiety is N-linked to the protein in the ER, the sequential
action of glucosidase I and I removes two glucose residues
leaving the monoglucosylated form of Gle;Mans_oGlcNAc,,
recognizable by CRT [17, 18]. Further, UDP-glucose:
glycoprotein glucosyltransferase catalyzes the addition of
glucose on the non-reducing end mannose of the oc1-3 arm
of Mans ¢GlcNAc,, acting as a folding sensor and re-
association of the unfolded glycoprotein with CRT [19-21].
Repeated cycles of de-glucosylation and re-glucosylation
lead to prolonged association of the glycoprotein with CRT
until proper folding occurs, failing which, the glycoprotein
is targeted to the ERAD machinery [22, 23]. In our
previous studies, molecular modeling of the interaction of
CRT with the monoglucosylated mannose oligosaccharide
identified several key residues which were involved in
hydrogen bond interactions with the sugar moieties. The
involvement of the identified residues was validated by
carrying out site-directed mutagenesis and isothermal
titration calorimetry (ITC) [16, 24, 25]. In this study we
analyze the role of the atoms from sugar moieties of the
trisaccharide Glcaxl-3Manx1-2Man involved in hydrogen
bond interactions with the protein. The mono-deoxy
analogues of the trisaccharide were synthesized and used
as substrate for CRT [26]. The binding affinity and
thermodynamics were analyzed by carrying out ITC studies
and were compared to the values for trisaccharide-CRT
interaction to gain insight on the involvement of the
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particular atom in binding. The results corroborate the
observations of molecular modeling.

Materials and methods

Materials Media components were obtained from Hi-
Media (Delhi, India). GST-agarose, reduced glutathione,
IPTG, MOPS and SDS-PAGE reagents were obtained from
Sigma Chemicals Co. (St. Louis, MO).

Synthesis of sugars The trisaccharide (Glcal-3Manaxl—
2ManxMe) was synthesized as described in [27]. The
mono-deoxy derivatives of trisaccharide (a—f) were synthe-
sized as described in [26].

Expression and purification of recombinant calreticulin The
CRT clone was a kind gift from Prof. Lars Ellgaard, University
of Copenhagen. GST-CRT full-length fusion protein was
purified essentially as described earlier by Helenius ef al. [28].
Briefly, the construct was transformed into Escherichia coli
DHS5« cells. An overnight plateau phase culture was used to
inoculate fresh Luria broth containing 50 mg/ml ampicillin,
2 mM CaCl, at a dilution of 1:100. Cells were grown at
37°C to Aggo of 0.5-0.6 and induced by 0.2 mM IPTG
followed by additional 6 hr incubation at 25°C. the cells
were harvested and resuspended in a 1:10 culture volume of
lysis buffer (500 mM Tris—HCI, 100 mM NaCl, pH 7.4) and
sonicated on ice using a Branson tip sonicator. Lysate thus
obtained was loaded on to the GST-agarose pre-equilibrated
column. The specifically bound protein was eluted by 5 mM
reduced glutathione in Tris buffer and concentrated using a
12 kDa Amicon concentrator and dialyzed against a 10 mM
MOPS, 5 mM CaCl,, 150 mM NaCl, pH 7.4, buffer.

Protein estimation The A,g, for GST-CRT solution (1 mg/ml)
was determined as 1.06 according to the method of Gill and
von Hippel [29].

Isothermal titration calorimetry ITC was performed by
using VP-ITC calorimeter from Microcal Inc. (North-
ampton, MA) as described previously [16]. Protein, 90—
120 uM in 1.5 ml buffer (10 mM MOPS, 5 mM CaCl, and
150 mM NaCl, pH 7.4) was titrated with 810 ul of sugar
solution (10 times the protein concentration) at an interval
of 3 min using a syringe rotating at 400 rpm. The data so
obtained were fitted via non-linear least squares minimiza-
tion method to determine binding stoichiometry (n),
binding constant K, and change in enthalpy of binding
AHy, using Origin software (Microcal). The change in free
energy of binding AG, was calculated using Eq. (1):

AG = —RT In Ky (1)
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Trisaccharide {Glul-Man2-Man3): R1=R2=R3=R4=R5=R6=0H

Glul 6-deoxy OH (Analogue a): R1=H, R2=R3=R4=R5=R6=0OH
Glul 3-deoxy OH (Analogue b): R2=H, R1=R3=R4=R5=R6=0H
Man2 4-deoxy OH (Analogue ¢): R3=H, R1=R2=R4=R5=R6=0H
Man2 6-deoxy OH (Analogue d): R4=H, R1=R2=R3=R5=R6=0OH
Man3 4-deoxy OH (Analogue e¢): R5=H, R1=R2=R3=R4=R6=0H
Man3 3-deoxy OH (Analogue f): R6=H, R1=R2=R3=R4=R5=0H

Fig. 1 A graphical representation of the six mono-deoxy derivatives
of the trisaccharide studied here. The analogues a—f each has a single
deoxy-OH at position R1-6 as shown above

where R is the gas constant and 7 is the temperature in
kelvin. The thermodynamics quantities so obtained were
used to determine the change in entropy (AS) using Eq.

):
AG, = AH, — TAS 2)

The experimental conditions ensured that ¢ value ranged
from 2 to 130 for all the titrations, where c=KyM, (0) and
M, (0) is the initial macromolecular concentration. The
value of binding constant K, was used to compare the
relative binding of CRT with the trisaccharide. The experi-
ments were carried out at two temperatures 15°C (288 K)
and 30°C (303 K).

Table 1 Thermodynamic quantities for binding of sugars to calreticulin

Results

The interactions of substrate trisaccharide Glcx1-3Mana1—
2Man and its deoxy-analogues were studied by isothermal
titration calorimetry (at two temperatures 288 K and 303 K) as
this technique gives a direct and precise estimate of the
binding constant, the enthalpy change and reaction stoichi-
ometry. A graphical representation of the six mono-deoxy
derivatives of the trisaccharide studied here is given in Fig. 1.

Isothermal titration calorimetry

ITC experiment carried out with the trisaccharide provided the
binding constant Kj,gg=(78.9% 10 M and AGhyes=
—7.77kcal/mol, which is quite consistent with experiments
carried out earlier [16, 24, 25]. Values of the thermodynamic
parameters obtained for the trisaccharide were used as a
reference for the mono-deoxy analogues. The results for
analogues a—f are tabulated in Table 1 and representative ITC
plots are shown in Fig. 2. The 3-deoxyGlc analogue was
shown to have reduced affinity for CRT binding, while the 6-
deoxyGlc analogue showed a substantially increased affinity.
It can be inferred from these observations that the position 6-
of Glc in the trisaccharide may not play a major role in binding
of the sugar to CRT, whereas position 3- does. Similar
evaluations of the other analogues show that positions 4-
and 6- of Man2 and positions 3- and 4- of Man3 are involved
in sugar—CRT interaction. Of all the positions evaluated,
positions 3- of Glcl, 6- of Man2 and 4- of Man3, show
marked decrease in affinity upon deoxygenation, underscor-
ing their importance in substrate—lectin interaction. These
results confirm the involvement of all three saccharide units in
sugar—CRT interaction as was predicted by modeling and site
specific mutagenic studies earlier.

Ligand T (K) N Kox10* (M) —AGy (keal/mol) —AHy (kcal/mol) AS}, (cal/mol/K)
(control) Trisaccharide 288 0.96 (£0.06) 78.90 (+2.38) 7.77 (£0.04) 6.12 (£0.21) 5.73 (£0.45)
303 0.92 (£0.04) 54.40 (+3.12) 7.95 (£0.03) 7.14 (£0.30) 2.67 (£0.56)
(a) Glul 6-deoxy OH 288 0.79 (+0.06) 128.01 (#5.72) 8.05 (£0.05) 0.62 (£0.33) 25.79 (+0.83)
303 0.85 (£0.02) 84.31 (+4.26) 8.21 (£0.03) 1.82 (20.22) 21.11 (£0.97)
() Glul 3-deoxy OH 288 0.87 (£0.05) 3.21 (20.17) 5.94 (£0.04) 6.57 (£0.27) -2.19 (£0.32)
303 0.90 (£0.03) 1.74 (20.15) 5.88 (£0.04) 6.93 (+0.24) —3.47 (£0.39)
(c) Man2 4-deoxy OH 288 0.92 (0.05) 53.22 (+3.54) 7.54 (£0.04) 6.65 (+0.35) 3.11 (£0.18)
303 0.91 (0.06) 38.53 (£2.76) 7.74 (£0.03) 7.12 (£0.29) 2.06 (£0.22)
(d) Man2 6-deoxy OH 288 0.87 (£0.03) 3.86 (£0.13) 6.04 (£0.03) 7.54 (£0.23) -5.19 (£0.36)
303 0.80 (£0.04) 2.89 (£0.13) 6.18 (£0.04) 7.98 (+0.25) ~5.92 (+£0.48)
(¢) Man3 4-deoxy OH 288 0.93 (£0.07) 430 (20.11) 6.11 (£0.03) 8.65 (£0.24) —8.84 (+0.56)
303 0.90 (£0.05) 3.09 (£0.16) 6.22 (+0.04) 9.23 (£0.26) ~9.92 (+0.54)
(f) Man3 3-deoxy OH 288 0.78 (+0.02) 59.23 (+2.95) 7.61 (£0.03) 6.36 (£0.31) 4.33 (+0.25)
303 0.83 (0.06) 45.32 (£3.11) 7.84 (£0.05) 7.24 (£0.29) 1.98 (20.32)

The values in parentheses are standard deviations for each fitted parameter

@ Springer



800

Glycoconj J (2008) 25:797-802

A

Time (min)
-10 0 10 20 30 40 50 60 70 80 90 100110120
0.

Time (min)
410 0 10 20 30 40 50 60 70 80 901001 101201301401 50160

B C

Time (min)
-10 0 10 20 30 40 50 60 70 80 90 100110120

B e e e e B AN B B e o T T L e e e e e N B A s e
] ] 0.0 P B
0.0 7" b 0.0 4 7 .
-0.2 4 { e 1 -0.5 B
024 4 |
0.4+ . 1
o { o 04- 4 g 101 b
] b 7}
»n 0.6 E & J »
= ] @ ] ] = 1
8 s ] §mos g .
3 ] s 3
-1.04 ] -0.8 4 20- ]
1.2 4 - 1.0+ -
1.2 ] 25 i
1.4 LI B B B B B B B B N L B | 1.2 4— T T T —T r T T T T T T T T
0+ E 04 h 0 - B
- -
c < =4 J
8 8 )
£ | g -2 b E
k] -/ 5 k]
oL 4 B ) QL 4 -
[} o ©
s j E 1 £
URUSURSLUIIURIUS U UL LSS SR -6 —4— T T T T T T T T T T T T T T T T
050005101520253035404550556065 00 05 1.0 15 20 25 30 35 40 45 50 00 0.5 10 15 20 25 30

Molar Ratio

Fig. 2 Isothermal calorimetric titration of calreticulin with different
sugars. The upper panel represents raw data obtained after injections
of sugar solution into calreticulin in MOPS buffer. The bottom panel
represents the non-linear least-squares fit of the heat released as a

Discussion

It is known that the glycan intermediate Glc;Mans g
GlcNAc, formed in the ER mediates interaction between
the glycoproteins and the lectin chaperone CRT, which
leads to the proper folding of the glycoprotein substrates.
The mode and thermodynamics of interaction between the
sugar substrate and CRT has been the subject of study for
the past many years. The unavailability of crystal or NMR
structure of CRT prompted its molecular modeling based on
the nearest homologue with the known structure, CNX.
Molecular modeling of sugar substrates to this structure and
ITC experiments were used to determine the probable mode
of interaction. In our previous studies we determined that
the glucosex1-3 linkage was critical for the recognition of
sugar substrate by CRT. Use of truncated glycan inter-
mediates in ITC experiments showed that the binding
constant increases by 25-fold from di- to trisaccharide unit
and doubles from tri- to tetrasaccharide unit [16]. This
demonstrated that all the saccharide moieties were involved
in CRT-sugar interactions. Molecular modeling identified
the probable amino acid residues at the sugar binding site of
CRT and the atoms of sugar involved in hydrogen bonding
with those amino acids. In another study, we carried out the
site-directed mutagenesis of amino acid residues identified
in sugar—CRT interactions and validated their involvement
and role in sugar binding by ITC [24, 25]. In the present
study, we determine the importance of various hydroxyl
groups of the sugar in the interactions with CRT (Fig. 3).
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function of the added ligand for the titration. The data were fitted to a
single-site model to obtain values of n, AH; and K, for each sugar.
The representative curves are a trisaccharide (standard), b Glul 3-
deoxy OH analogue, ¢ Glul 6-deoxy OH analogue

Deoxy-analogues of sugars have frequently been used as
valuable tools to determine the role of hydroxyl groups in
binding [30, 31]. We chose the trisaccharide unit Glcaxl—
3Mano1-2Man for our study and six mono-deoxy analogues

Asp 135

Tyr 109

Arg 73 Trp 319

Tyr 128

Fig. 3 A schematic representation of the interactions of trisaccharide
with CRT. The red, blue and grey circles denote oxygen, nitrogen and
carbon atoms respectively. Representative bonds between the hydroxyl
groups of sugar and CRT have been denoted by dotted green lines.
Three residues (Asp 317, Leu 318 and Trp 319) present on the other
face of sugar are represented in yellow. They form hydrogen bonds as
well as hydrophobic interactions with the sugar moieties
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of this substrate. 3-deoxy and 6-deoxy Glcl analogues of the
trisaccharide were subjected to ITC. The 3-deoxy analogue
showed highly reduced binding to CRT with the Kigg
dropping to 3.21x10* M from 78.9x10* M™' of the
standard trisaccharide. Also the value of AG) decreases
significantly. This indicates that the 3-OH group of Glc
makes important contacts with CRT during sugar—CRT
interactions. It was proposed earlier that this 3-OH group
makes hydrogen bonds with the Tyr128 residue of CRT. On
the other hand, the 6-OH group of Glc does not seem to play
a significant role in binding as was predicted earlier. Loss of
this hydroxyl group greatly increases the affinity of binding
of sugar to CRT. The lower enthalpy change associated with
the binding can be related to the loss of -OH group from the
position 6 and hence lesser extent of conformational
perturbation in the binding event. This perhaps leads to
decreased amount of secondary interactions, hence the
enthalpy is less. Additionally the Asp side chain is liberated,
due to the loss of hydrogen bonding with the —OH group
resulting in more conformational freedom, thereby account-
ing for the more favorable entropy. In another set of
experiments carried out by Y. Ito er al. [32] and A. Tatami
et al. [33] it was determined that the 2-OH and 4-OH groups
of Glc are also in close contact with CRT.

Both, the 4-deoxy and 6-deoxy Man2 analogues of
trisaccharide unit, show decreased affinity of binding to
CRT indicating that they are involved in sugar—CRT
interactions. However, among the two, the 6-OH group
has a more significant role to play (hydrogen bonds with
Asp317, Trp319 and Tyrl09) as specified by its approxi-
mately 18-fold decrease in Kyyg5 and 20-fold decrease in
AGy values. Of the third sugar moiety in the trisaccharide
unit, 3-deoxy and 4-deoxy Man3 analogues were used.
Both showed reduced binding to CRT as was predicted
earlier, with the 4-OH group playing a more substantial role
than the other as indicated by the binding constant. The ITC
experiments were carried out at two temperatures 288 K
and 303 K to determine whether change in temperature
plays any major role in the binding reactions. However, no
significant difference was observed in the binding of sugars
to CRT at the two temperatures.

A perusal of all the results obtained for sugar—CRT
interactions shows that several hydrogen bonds formed by
the sugar hydroxyl groups play significant roles in binding
of substrate to this lectin chaperone. Of these, some make
considerably more contribution to the binding than others.
Compiling results observed here with previous studies on
CRT-sugar interactions, it can be summarized that the
mono-glucosylated intermediate of glycan moiety is neces-
sary for the recognition of glycoproteins by CRT. Several
key residues of CRT viz. Arg73, Tyr109, Asp125, Tyrl28,
Aspl35, Asp317, Leu318 and Trp319, are involved in sugar
binding. Of these Asp 317 and Trp319 play crucial roles. They

make strong hydrogen bonds with all three moieties of the
trisaccharide unit; Glul (2-OH, 3-OH, 4-OH), Man2 (3-OH,
4-OH, 6-OH), Man3 (3-OH, 4-OH). The calorimetric studies
performed on sugar—CRT interactions have significantly
brought into light the mode and weightage of each predicted
interaction.
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