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ABSTRACT: â1,4-Galactosyltransferase-I (â4Gal-T1) catalyzes the transfer of a galactose from UDP-galactose
to N-acetylglucosamine. A recent crystal structure determination of the substrate-bound enzyme reveals
a large conformational change, which creates binding sites for the oligosaccharide andR-lactalbumin,
when compared to the ligand-free structure. The conformational changes take place in a 21-residue-long
loop (I345-H365) and in a smaller loop containing a tryptophan residue (W314) flanked by glycines
(Y311-G316; Trp loop). A series of molecular dynamics simulations carried out with an implicit solvent
model and with explicit water successfully identify flexibility in the two loops and in another interacting
loop. These observations are confirmed by limited proteolysis experiments that reveal an intrinsic flexibility
of the long loop. The multiple simulation runs starting with the substrate-free structure show that the long
loop moves toward its conformation in the ligand-bound structure; however, it gets stabilized in an
intermediate position. The Trp loop moves in the opposite direction to that of the long loop, making
contacts with residues in the long loop. Remarkably, when the Trp loop is restrained in its starting
conformation, no large conformational change takes place in the long loop, indicating residue
communication of flexibility. Sequence and structural analysis of theâ4Gal-T1 family with 37 known
sequences reveals that in contrast to the unconserved long loop, which undergoes a much larger
conformational change, the Trp loop including the glycines is highly conserved. These observations lead
us to propose a new functional mechanism that may be conserved by evolution to perform a variety of
functions.

Proteins are dynamic systems. Their internal motions
enable them to perform specific functions (1-6). The
dynamics involved in protein-ligand and protein-protein
interactions have been demonstrated to be fundamentally

linked to function in several cases [examples include HIV
protease (7), GroES (8), src family kinases (9), citrate
synthase (10), and triosephosphate isomerase (2)]. Nuclear
magnetic resonance (NMR)1 studies have demonstrated that
movements of chain ends and fluctuation of surface side
chains and loops occur on experimental time scales (11).
NMR 15N relaxation, neutron diffraction, and hydrogen
exchange are among the experimental techniques used to
study internal motions. Computer simulations (molecular
dynamics, MD) are often used in conjunction with experi-
mental data to understand the important motions (12).
Although the simulation time scale is usually shorter than
many biologically interesting large-scale motions, MD can
still provide valuable insight for further experimental inves-
tigation (13). Despite extensive research and consistency
between experimental and theoretical studies over the
involvement of loops in enzyme function, identification of
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the functional loops from the growing sequence database and,
importantly, their role in function remain difficult tasks.

Flexibility plays a central role in the function ofâ1,4-
galactosyltransferase-I (â4Gal-T1). Here, we study this
enzyme through simulations, sequence and structural analy-
ses, and limited proteolysis experiments.â4Gal-T1 is a 402-
residue-long Golgi membrane enzyme that catalyzes the
transfer of galactose from UDP-galactose (UDP-gal) to
N-acetylglucosamine (GlcNAc;14). It also has a well-defined
second function as the catalytic component of lactose
synthase, which is a 1:1 complex ofâ4Gal-T1 andR-lactal-
bumin (15). Lactose is a major component of milk. The
R-lactalbumin binding domain of this enzyme predates the
rise of mammals (16). â4Gal-T1 belongs to a very large
superfamily of glycosyltransferases (17, 18). These trans-
ferases are type II membrane proteins. They synthesize the
complex oligosaccharide moiety on the glycoproteins and
glycolipids in the Golgi apparatus. Although there is no
sequence homology among the superfamily, subfamily
members exhibit a high sequence identity, particularly in their
catalytic domain. Nearly 100 mammalian glycosyltrans-
ferases are known to date. However, the crystal structures
of only five are currently available. Interestingly, although
these proteins are known to exist in two conformational states
corresponding to the absence and presence of the donor
substrate (19), only for the case ofâ4Gal-T1 is the structure
known in both conformations (20, 21). Thus, â4Gal-T1
uniquely enables dynamics and structural studies of the
functional mechanism not only ofâ4Gal-T1 but also of the
very large glycosyltransferase superfamily which shares the
same fold. Understanding the mechanism should assist in
engineering catalysts for novel glycoconjugate synthesis (22).

The crystal structure ofâ4Gal-T1 was first determined
by Gastinel and co-workers (referred to as “conf1”; crystal-
lized in the absence of the substrate UDP-gal; Figure 1,
shown in purple;20). Crystals were obtained only when the
N-terminus 114-residue segment was cleaved off (20). The
truncated protein (G115-S402) had catalytic activities
identical to those of the wild type. Although the protein
crystal diffracted to 2.4 Å, residues G115-S130 could not
be located in the electron density map, indicating segment
disorder. Gastinel et al. soaked theâ4Gal-T1 crystals in a
buffer containing UDP-gal to determine the binding site of
the substrate. However, only the UDP group, and not the
galactose, was localized in the structure. Furthermore, the
GlcNAc and theR-lactalbumin interaction sites could not
be inferred.

To identify theR-lactalbumin binding sites, Ramakrishnan
and Qasba redetermined the crystal structure ofâ4Gal-T1
(sequence from S130 to S402) in complex withR-lactal-
bumin and UDP-gal/GlcNAc (“conf2”; substrate bound;
Figure 1, shown in cyan) at 2.0 Å resolution (21). The
substrate-bound crystal structure ofâ4Gal-T1 revealed a large
conformational change when compared with the earlier
structure (conf1). It was also noted that the conformational
change was not due to the interaction withR-lactalbumin
since they obtained a similar structure (conf2; complexed
with UDP-gal) even in the absence ofR-lactalbumin (23).
The conformational change occurs in two regions ofâ4Gal-
T1. The first region is a long loop comprised of residues
I345- H365 (some of the residues move as far as 20 Å).
The second region is a short loop containing a tryptophan

(W314) residue flanked by glycines (Y311-G316; Trp loop).
Whereas the Trp loop is buried under the long loop and
W314 is hydrogen bonded to the ligand UDP-gal in conf2,
it is surface exposed and far from the long loop in conf1.
Earlier spectroscopic experiments have shown that a tryp-
tophan residue must interact directly with the negative charge
of the UDP-gal and it must undergo conformational change
upon ligand binding (24). Further, cross-linking experiments
have shown thatâ4Gal-T1 does not interact withR-lactal-
bumin in the absence of UDP-gal or GlcNAc (21, 25).

A comparison of the two crystal structures also reveals a
difference in the quaternary interactions, raising the question
of whether the conformational change is induced by the
substrate or by this quaternary difference.â4Gal-T1 forms
a dimer in both conf1 and conf2 crystals. In conf1, the long
loop is at the interface between the twoâ4Gal-T1 subunits.
The C-terminal end of the long loop beginning with R359
(specifically, R359, D361, and I363) makes several contacts
with the second subunit. This suggests that in conf1 the long
loop could be stabilized by the subunit-subunit interactions.
The subunit arrangement in conf2 is different, with the long
loop being at the interface ofâ4Gal-T1 andR-lactalbumin.
There are also differences in the methods of protein expres-
sion, purification, and crystallization between conf1 and
conf2. In conf1,â4Gal-T1 is a glycoprotein obtained from
mammalian cells. The sequence initiates with residue G115.
The short N-terminal segment from G115 to S130 was found
to be disordered in the crystal. In conf2,â4Gal-T1 was
expressed and purified as inclusion bodies fromEscherichia
coli, and the sequence starts from residue S130. Despite many
attempts, this protein could not be crystallized in the conf1
conformation (i.e., without ligand). However, it had all the

FIGURE 1: CR Superposition of crystal structures ofâ4Gal-T1
crystallized without (purple, conf1) and with (cyan, conf2) the
ligand UDP-gal. A significant structural change is seen in a long
loop (I345 to H365, shown in ribbon representation) and in a short
loop (Trp loop, Y311 to G316) containing a tryptophan residue
(W314, represented in ball-and-stick model). Only the backbone
atoms are shown for the rest of the molecule, for clarity. The inset
shows the residue-wise root-mean-square deviation (RMSD) for
the backbone atoms, calculated from the CR superposed coordinates.
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functional activities and could be crystallized with a ligand
(for example, with UDP-gal). Hence, two questions arise:
First, is it possible to engineer the conf2 sequence (S130-
S402) so that it could be crystallized in the absence of a
ligand (i.e., in conf1)? Second, is there an energy barrier for
the transition between conf1 and conf2?

Here, we first identify the flexible regions inâ4Gal-T1
through MD simulations. We compare the results with the
flexible regions identified by limited proteolysis experiments.
We then investigate the origin of the observed flexibility and
how it correlates with sequence conservation in theâ4Gal-
T1 family. Our results demonstrate that the intrinsic flex-
ibility associated with the conserved Trp loop is communi-
cated to the long loop through hydrophobic and hydrogen-
bonding interactions. This communication lowers the energy
barrier for the transition between conf1 and conf2. We
propose that such a mechanism may effectively be used by
evolution to perform a variety of functions.

MATERIALS AND METHODS

Molecular Dynamics Simulations.A series of MD simula-
tions in implicit solvent and explicit water were carried out
in order to explore the dynamic behavior ofâ4Gal-T1 (Table
1). In the implicit solvent simulations, the protein is
represented in atomic detail but the solvent is represented
only in terms of its bulk properties. The advantage of using
the implicit solvent model is that it allows a greater sampling
of the conformational space by increasing the speed of the
calculations. As a result of the absence of solvent caging
and frictional forces, the effective time span of the implicit
solvent simulation is longer than the actual duration of the
simulation. For the implicit simulations, we used the effective
energy function (EEF1) combined with the CHARMM19
polar hydrogen potential energy function (26, 27). MD
simulations performed in house and elsewhere using the
EEF1 implicit solvent model have shown that native proteins
are stable with the EEF1, and the observed deviations agree
with the simulations in explicit water (27-30). Further, the
EEF1 has been shown to discriminate between the native
and the misfolded proteins (31). Most of the simulations
discussed here are performed using the EEF1 force field,
but we have also carried out simulations in explicit water to
confirm our conclusions.

To compare the simulations starting with conf1 and conf2,
we considered the segment comprising residues T132-S402
for which coordinates are available in both conformations
(PDB code: conf1, 1FGX A; conf2, 1J8X B). We also
mutated I158 in the conf1 crystal structure to V158 as in
conf2 using InsightII (Accelrys Inc., San Diego). For the
implicit simulations with the EEF1 force field, the crystal
structures were first subjected to 300 steps of minimization.
The adopted basis Newton-Raphson (ABNR) routine, which
performs energy minimization using a Newton-Raphson
algorithm, was used for this purpose (CHARMM package
version c27b1;26). In the initial phase of heating, the
simulation temperature was raised slowly stepwise, with the
system preserving the crystallographic structure. At the final
required temperature, the system was equilibrated for 50-
100 ps with a time step of 2 fs. A shorter period of
equilibration time is used in all our simulations, since we

are interested in conformational changes that are taking place
during the simulation, but at the same time we also need to
eliminate any artifacts. Longer duration productive MD
simulations with a time step of 2 fs followed the equilibration
period. Bond lengths between hydrogen and heavy atoms
were constrained using the SHAKE algorithm (32). The
conformers were saved every 2 ps. To remove the center of
mass motions, the conformers were superimposed on the
minimized starting structure using InsightII. The structures
were superimposed by considering either all backbone atoms
or all CR atoms as needed.

For the explicit simulations, in addition to the crystal
structure, we also considered the associated crystal waters.
A total of 81 crystal waters were included for conf1 and 96
waters for conf2. The systems were soaked in a cubic water
box with edge length of 65 Å. Care was taken to ensure that
the effective water density remained close to 1.0 g/cm3 and
an equal number of water molecules were present in the
conf1 and conf2 systems (a total of 7608 water molecules
were included). As in the case of the implicit simulations,
the systems were subjected to minimization, followed by
slow heating and equilibration before the productive runs.
Periodic boundary condition was imposed during the simula-
tions so that a constant number of water molecules would
be maintained within the cubic box. The nonbonded interac-
tions were truncated at 12.0 Å. A time step of 1 fs was used
for the simulations, and the conformers were saved every 1
ps.

We also carried out simulations onâ4Gal-T1 dimers.
â4Gal-T1 exists as a dimer in the asymmetric unit with
different quaternary arrangements. A set of 10 ns implicit
solvent simulations starting with dimeric forms of conf1 and
conf2 was carried out. Apart from the three identified flexible
regions (D278-Y286, Y311-G316, and H347-E368), the
rest of the protein chain behaved in a manner similar to that
of the implicit simulations on monomers. The effects of
subunit-subunit interactions on the three flexible loops are
discussed later.

The more recent crystal structure ofâ4Gal-T1 in complex
with UDP-gal (1KYB;23) is conformationally similar to the
one reported earlier (1J8X, complexed with UDP-gal and
R-lactalbumin;21). Superposition of these two structures
(1J8X B and 1KYB A) resulted in the root-mean-square
deviation (RMSD) of 0.5 Å for all of the backbone atoms.
However, the coordinates for the ligand UDP-gal (in
particular, for the galactose group) were available only in
this crystal structure. Therefore, for simulations starting with
the ligand-bound form of conf2, we made use of 1KYB A
coordinates. We also modeled the ligand position in conf1
(1FGX A) on the basis of its location in conf2 (1KYB A)
using InsightII. MD simulations in explicit water were carried
out by starting with the UDP-gal-bound form of conf1 and
conf2. A total of 7599 water molecules were present in the
cubic box with an edge length of 65 Å. The simulations were
performed following the procedure described above. Since
the CHARMM package did not have parameters for UDP-
gal, we created the parameter file by making use of available
parameters in CHARMM for nucleic acids and sugars. The
parameters for the linkage (phosphate) between these two
groups, as well as the charges, were taken from the published
work of Imberty and co-workers (33).
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When multiple simulations were required, simulation
parameters such as the random seed and equilibration period
were modified in order to generate different trajectories.
Multiple trajectories help to identify recurring features and
to avoid artifacts arising from the simulation procedure (34).
The simulations were carried out using eight R10K 250 MHz
processors on the SGI Origin2000 of the NCI-Frederick
Advanced Biomedical Computing Center as well as using
the NIH Biowulf cluster of eight processors with CPU speed
varying between 450 and 866 MHz (1 ns simulation in
explicit water took about 18 and 21 days on the Biowulf
cluster and Origin2000, respectively; 10 ns simulation of
dimer in implicit solvent took about 8 days on the Biowulf
cluster).

Limited Proteolysis Experiments.The recombinant cata-
lytic domain (d129-402) of bovineâ4Gal-T1 was used in
this study.â4Gal-T1 (200µg) in 1 mL was partially digested
with 10 units of Glu-C protease (Sigma Chemicals) without
any buffer or salt for 1 h. The partially digested protein was
applied to a GlcNAc- or UDP-agarose column (Sigma
Chemicals).

RESULTS AND DISCUSSION

QuantitatiVe Comparison of Crystal Structures. When
conf1 and conf2 structures are superimposed on the basis of
their CR positions, a root-mean-square deviation (RMSD) of
3.4 Å is obtained (Figure 1). A plot of residue-wise backbone
RMSD shows that there are only two regions with a
significant structural change: (i) the long loop (I345-H365)
and (ii) the short Trp loop (Y311-G316; Figure 1 inset).
The CR RMSDs for the long and the Trp loop segments are
11.5 and 3.2 Å, respectively. The CR of K351 and K352 in
the long loop move by as much as 20 Å. When both loop
segments are excluded, an RMSD of 1.2 Å is obtained,
indicating that the rest of the structure does not undergo large
structural changes. Further, part of the long loop (P357-
R362) in conf1 adopts a helical conformation in conf2. A
slightly different scenario is noticed for the short Trp loop,
where an approximately 180° flip of the peptide unit linking
W312 and G313 takes place in addition to changes in the
backbone dihedral angles for the other neighboring residues
(ψ of Y311 and W314,φ of W312). Thus, the transition
between conf1 and conf2 cannot be brought about by changes
in a single residue on either side of the loops unlike in many
known cases of loop movements (for example, triosphosphate
isomerase).

The refinedâ4Gal-T1 conf1 crystal structure shows a
single predominant conformation for the long loop with high
thermal parameters (B-factor). The loop has low thermal
parameters in the conf2 complex withR-lactalbumin. Further,
H347 is coordinated to the Mn2+ ion, but no hydrogen bond
exists between the long loop and UDP-gal. There are six
hydrogen bonds between the long loop and the rest of the
protein in conf1, whereas in conf2 there are only three.
However, several internal hydrogen bonds occur within the
long loop in conf2 (two in conf1 versus ten in conf2). This
suggests that the long loop in conf2 is stabilized by intraloop
hydrogen bonds and contacts with the metal ion.

Comparison of Sequences of theâ4Gal-T1 Family.We
further compared sequences ofâ4Gal-T1 from different

sources in order to examine the conservation of residues in
the hinge and loop regions. A total of 37 sequences belonging
to the â4Gal-T1 family were obtained from the PFAM
database (35). The percentage of sequence identity with
respect to the bovine sequence for which the crystal structure
is available varied from 33% to 90%. On the basis of an
identity matrix, a total of 25 residues were found to be
conserved in all sequences (100%; Figure 2). As expected,
many of the conserved positions were located near the
functional site. For the long loop, the residues in neither the
hinge region nor the loop were conserved significantly apart
from H347. Interestingly, the Trp loop showed very high
sequence conservation. In particular, the glycines flanking
W314 were highly conserved [G313 (97% conserved), G315
(100%), and G316 (84%)]. Although this loop is surface
exposed in conf1, it shows very high sequence conservation
compared to the rest of the protein in theâ4Gal-T1 family.

Identification of Flexible Regions.We first carried out
three 10 ns simulations at 300 K starting with the conf1
crystal structure and using the EEF1 implicit solvent model
force field (Table 1, simulation 1). Conformers were saved
every 2 ps during the 10 ns production runs. We calculated
the per residue average RMSD for backbone atoms from the
superimposed conformers. On the basis of the plot of mean
RMSD versus residue number we identified three regions,
apart from the N-terminus, to be highly flexible: (i) D278-
Y286, (ii) Y311-G316, and (iii) H347-E368 (Figure 3).
The second loop (Y311-G316) is the Trp loop, which shows
a conformational change when the crystal structures (conf1
and conf2) are compared. The third loop (H347-E368) is
essentially the same as the long loop with an extension of
three additional C-terminal residues (T366, K367, and E368).
The first loop (D278-Y286) does not show any conforma-
tional change when conf1 and conf2 crystal structures are
compared. However, this loop is found to be highly flexible
in all three MD simulation runs. This loop forms contacts
with the flexible third loop in conf1 and is hydrogen bonded
to R-lactalbumin in the conf2 crystal structure. It is very
likely that the loop is flexible in solution in the absence of
any intermolecular interaction.

During all three 10 ns simulations, the third loop (or the
long loop) moves by as much as 11 Å toward its conf2
position. The loop begins to move within a few hundreds of
picoseconds in a unidirectional manner and reaches a stable
conformation at the end of 2 ns (Figure 4). During the
remaining 8 ns simulation the loop does not move any further
toward conf2. Interestingly, the second loop (Trp loop)
moves in the opposite direction to that of the third loop.
Residues within the loop, W314 as well as the adjacent
glycines (G313, G315, and G316), make several contacts
with side chains positioned in the third loop (P357, Q358,
R359, and F360; Figure 5a). W314 makes hydrophobic as
well as hydrogen-bonding interactions with the third loop
residues. Some of the hydrogen-bonding interactions are
between the (i) W314 side chain indole group and Q358 side
chain carboxamide group and (ii) W314 backbone carbox-
amide group and R362 side chain guanidino group (Figure
5b). This raises the possibility that these contacts are
responsible for the large conformational change of the third
loop. To identify the hinge residues, we examined the
backbone dihedral angle changes for the loop residues along
the trajectory. However, no significant dihedral angle change
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takes place for any single residue. Nevertheless, H347, S348,
R362, and I363 show somewhat larger variations in their
backbone dihedral angles. Starting with the conf1 crystal
structure, we observed flexibility in the regions that show
conformational variations when the conf1 and conf2 crystal
structures are compared. Nevertheless, we did not observe
the second and third loops to reach their equivalent positions
as in conf2. Hence, complete transition from conf1 to conf2
is not observed during the simulations at 300 K, indicating
a possible presence of an energy barrier for the transition
between the two conformational states. Alternatively, the
absence of complete conf1 to conf2 transition could be due

to the lack of inclusion of explicit solvent molecules in our
simulations.

We carried out two MD simulations at 300 K in explicit
water starting with the conf1 crystal structure (Table 1,
simulation 14). Analysis of the 3 ns trajectories revealed
flexibility in the three loops. One of the simulation runs
revealed a larger movement of the third loop toward its conf2
position (by as much as 14 Å; Figure 6a). The superposition
of the starting and average conformation resulted in a RMSD
of 2.9 Å for the CR atoms. As can be seen from Figures 4
and 6a, the observed movement is consistent with that of
the implicit simulation. To see the effect of a longer

FIGURE 2: Sequence conservation for the Trp and long loops from the alignment of 37 knownâ4Gal-T1 sequences. The long loop has high
sequence variation compared to the Trp loop. In particular, the glycines flanking W314 are highly conserved [G313 (97% conserved),
G315 (100%), and G316(84%)]. The positions that are conserved, based on identity in more than 50% of the sequences, are marked in
yellow. Only the nondeletion positions with respect to the bovine sequence (NALS_BOVIN) are shown here. The aligned sequences were
obtained from the PFAM database (35). It may be noted here that this data set is not unique; the sequence from the same organism may
be represented more than once but with a different identifier. A ribbon representation of theâ4Gal-T1 conf1 crystal structure is shown at
the bottom of the alignment. The fully conserved positions (100%) are marked in yellow. The G313 and G316 positions are shown in blue.
The ligand uridine 5′-monophosphate (U5P) is shown in ball-and-stick model.
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simulation period, we increased the temperature to 400 K
and carried out two 2 ns simulations in explicit water (Table
1, simulation 15). As we expected, at 400 K, the third loop
moved by as much as 13 Å toward its conf2 position (Figure
6b). The second loop also showed a tendency to be buried
under the third loop. These observations revealed that conf1
as in the crystal structure is not a stable conformation in the
absence of quaternary interactions. The intrinsically flexible
third loop is stabilized in an intermediate position between

conf1 and conf2. To examine the effect of the ligand on the
observed flexibility of the third loop, we carried out
simulations starting with conf1 in the presence of UDP-gal.
We modeled the ligand coordinates in conf1 on the basis of
its position in conf2. The simulations were carried out in
explicit water at 300 K as well as at 400 K starting with the
ligand-bound form of conf1. The simulations revealed that
the ligand had no significant effect on the flexibility of the
third loop (Table 1, simulations 18 and 19). The third loop

Table 1: Molecular Dynamics Simulations onâ4Gal-T1

simulation
no. starting structure

temp (K)/
time (ns) MD runs purpose observations

Using Implicit Solvent Model (EEF1)
1 conf1 300/10 3 to identify flexible regions three loop regions identified to be

flexible; long loop moves toward
its conf2 position

2 conf2 300/10 3 to identify flexible regions three loop regions identified to be flexible
3 conf1/conf2 325, 350,

375, 400/2
2 (for each) to examine flexibility and

transition at higher temperature
conf1 and conf2 merge at 400 K

4 conformer at end of
equilibration run of
conf1 at 400 K

300/2 3 to examine communication of
flexibility between the long
and Trp loops

long loop does not move toward conf2,
unlike simulation 1

5 conformer from
equilibration run of
conf1 at 400 K

300/2 1 to eliminate artifact in simulation
4 due to starting structure

long loop in this case also does not
show large movement

6 modeled; Trp loop
conformation in conf1
changed to its conf2

300/2 2 to eliminate artifact in simulations
4 and 5 due to starting structure

similar observation with some
movement in the N-terminus of the
long loop

7 conf1, with Trp loop
restrained

300/2 2 to confirm communication of
flexibility between the long
and Trp loops

the long loop does not move toward
its conf2 position

8 conf1 mutant, residues
G313-G316 mutated to
alanine

300/4 1 to examine if reduction of
flexibility with the Trp loop
affects the long loop

the long loop does not move, stable
in its starting position

9 same as in simulation 4 400/2 1 to see if W314 flips out of the
binding cavity at higher
temperature

the Trp loop (with W314) flips out

10 conf1, with the long
loop restrained

300/2 1 to examine if the Trp loop
flexibility is independent of
the long loop

the Trp loop is flexible

11 conf1 truncated
(K352-S402 cleaved
off)

300/10 1 to examine if the Trp loop
flexibility is independent of
the long loop

the Trp loop is flexible

12 conf1 dimer 300/10 2 to examine the effect of
subunit-subunit interactions
on the long loop

the long loop is flexible but stabilized
closer to its starting position

13 conf2 dimer 300/10 1 to examine the effect of
subunit-subunit interactions
on the long loop

no effect on the flexibility, since the
quaternary structure is different from
conf1

In Explicit Solvent with Periodic Boundary Condition
14 conf1 300/3 2 to identify flexible regions and

confirm the observation
from simulation 1

the long loop moves toward conf2;
all three loops are flexible

15 conf1 400/2 2 to check flexibility and the
long loop movement at
higher temperature

the long loop moves toward conf2

16 conf2 300/3 1 to examine flexibility and
unfolding of the helical
conformation of the long loop

the long loop is flexible, but the helix
is stable

17 conf2 400/2 2 to examine the unfolding of
the helical conformation of
the long loop

the helix unfolds first, and the long loop
begins to move toward its conf1
position

18 conf1+ UDP-gal 300/3 1 to examine the effect of
ligand on the flexibility of
the long loop

the long loop is flexible and moves
toward its position in conf2

19 conf1+ UDP-gal 400/2 1 to examine the effect on
the flexibility of the long
loop at higher temperature

the long loop is flexible and moves
toward its position in conf2

20 conf2+ UDP-gal 300/3 1 to examine the effect of
ligand on the flexibility of
the long loop

no effect on the flexibility; the helix is
stable as in the case of simulation 16
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still moves toward its position in conf2, as in the case of the
simulations without the ligand. Interestingly, during the
simulation at 400 K, residue W314 flips inside the binding
cavity and makes contact with the ligand (Figure 6c).

Implicit MD simulations starting with the conf2 crystal
structure did not reveal a large conformational change, unlike
in conf1 (Table 1, simulation 2). The third loop remained

stable in its starting conformation, and in particular, the
second loop was much less flexible. However, the first loop
showed a larger flexibility compared to the conf1 case. The
first loop is in contact with the third loop in conf1 whereas
they are well separated in the case of conf2. The absence of
intramolecular contacts might have led to the observed larger
flexibility. It appears that the third loop in conf2 is more
stable than in conf1. This might be because part of the third
loop is in a helical conformation in the conf2 crystal structure
(ten intraloop hydrogen bonds in conf2 versus two in conf1).
To verify the observations from the implicit simulations, we
carried out MD simulations in explicit water starting with
the conf2 crystal structure at 300 and at 400 K (Table 1,
simulations 16 and 17). Indeed, a 2 ns MD run at 400 K in
explicit water did reveal that the helical region of the third
loop unfolds first (Figure 7). This indicated that the helical
conformation of the third loop is relatively less stable and
might undergo a transition to a loop structure in solution.
However, we caution that the viscosity of water at this
temperature is reduced and therefore the difference between
the 300 and 400 K simulations may be related to factors
other than the energy barrier for the transition. We also
carried out simulation at 300 K starting with the UDP-gal-
bound form of conf2 (Table 1, simulation 20), in which also
the third loop was stabilized in its initial conformation. The
observation that conf2 was relatively more stable compared
to conf1 is consistent with the experimental fact that conf2
is the active form (21). The stable population of conf2 might

FIGURE 3: Plot of the average residue-wise root-mean-square
deviation (RMSD) for the backbone atoms, calculated from the CR

superposed coordinates of conformers obtained during three 10 ns
implicit simulations (represented as continuous, dashed, and dotted
lines) at 300 K starting with conf1. Apart from the N-terminus,
three internal regions ofâ4Gal-T1 show high flexibility. The second
and third flexible loops are essentially the same as the Trp and
long loops, respectively.

FIGURE 4: CR superposition of the starting structure (conf1, purple)
and the average conformation (cyan) obtained from a 10 ns implicit
simulation at 300 K. The long loop (third loop) moves by as much
as 11 Å toward its conformation in conf2. For comparison, the long
loop conformation in conf2 is shown in ribbon representation
(green). The Trp loop (second loop) moves in the opposite direction
to that of the third loop. The inset shows the CR root-mean-square
deviation (RMSD) for the long loop alone calculated with respect
to its conformation in conf1 and conf2, during the 10 ns simulation
period. As can be seen, the RMSD for the loop increases with
respect to conf1 whereas it decreases with respect to conf2,
indicating the movement of the loop toward its conf2 conformation.

FIGURE 5: (a) CR-CR distance between W314 and residues
positioned in the third loop. The trajectories show that the second
loop moves closer to the third loop and makes contact (not all of
the contacting residues are shown here). (b) Hydrogen-bonding
interaction between W314 and Q358+ R362. The residue W314
is involved in hydrophobic as well as hydrogen-bonding interactions
with the third loop residues, during the course of a 10 ns implicit
simulation at 300 K starting with conf1.
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be necessary so that interaction withR-lactalbumin could
be made for lactose synthesis.

A comparison of the average potential energy observed
during the explicit water simulations at 300 K revealed that
conf2 (-77035.3 kcal/mol) has a lower energy as compared
to conf1 (-77016.8 kcal/mol). This was also the case when
explicit water simulations at 300 K were carried out on the
ligand-bound form of conf1 and conf2 (conf1,-76986.0
kcal/mol; conf2,-77076.1 kcal/mol), since the UDP-gal
interacts favorably with conf2. Also, implicit simulations at
300 K revealed equal energy for both conformations (conf1/

conf2,-6224.6 kcal/mol; Table 2). We note, however, that
the entropy contribution is not taken into account in the
energy calculations. Nevertheless, this comparison further
indicates that the stability of the third loop conformation as
observed in the conf1 crystal may arise from the subunit-
subunit interactions. To validate this proposition, we carried
out 10 ns simulations at 300 K starting with conf1 and conf2
dimers (Table 1, simulations 12 and 13). The simulation
starting with the conf1 dimer revealed that the third loop is
stabilized closer to its initial conformation (Figure 8). It may
be noted here that the third loop is in contact with the other
subunit in the conf1 crystal structure. The subunit-subunit
interactions also played a role in stabilizing the first loop to
some extent. As expected, in the case of the conf2 dimer
simulation, no effect on the third loop was observed since
the quaternary arrangement is different from conf1.

Energy Barrier? MD Simulations at Higher Temperature.
Since MD simulations starting with conf1 at 300 K did not
reveal the complete transition from conf1 to conf2 and
instead remained in an intermediate stable conformation, we
suspected the presence of an energy barrier. MD simulations
at higher temperature can be informative with regard to
conformational changes that may occur on longer time scales
and can overcome energy barriers. We carried out a total of
sixteen 2 ns MD runs starting with conf1 and conf2 at
temperatures 325, 350, 375, and 400 K (two runs for each;
Table 1, simulation 3). When the trajectories were analyzed,
as expected, we found that the flexibility in all three loops
increased as we raised the temperature (Figure 9). The
simulation at 400 K starting with conf1 showed much larger
fluctuations in the third loop. Examination of the average
conformation observed during the simulations showed that
at this temperature conf1 essentially merges with conf2 but
with significant structural differences in the two regions of
the molecule (Figure 10). First, the helical conformation in
part of the third loop in conf2 did not form when starting
with conf1. This is understandable since helix formation is

FIGURE 6: (a) CR superposition of the starting structure (conf1, purple) and the average conformation (cyan) observed during a 3 nssimulation
at 300 K in explicit water. As can be seen, consistent with the implicit simulation (Figure 4), the third loop has moved toward its conf2
position. (b) CR superposition of the starting structure (conf1, purple) and a conformer at 2 ns (cyan) during a 2 nssimulation at 400 K in
explicit water. A large structural change is seen in the third loop and as well as in the first 23 residues of the N-terminus. (c) CR superposition
of the starting structure (conf1+ UDP-gal, purple) and a conformer at 300 ps (cyan) during a 2 nssimulation at 400 K in explicit water.
The ligand UDP-gal is shown in stick model. The residue W314 flips inside the binding pocket and makes contact with the ligand, and the
third loop begins to move toward its conf2 position.

FIGURE 7: CR superposition of the starting structure (conf2, purple)
and conformers observed (cyan) during a 2 nssimulation at 400 K
in explicit water. The helical conformation of the third loop region
unfolds first, indicating its relatively lower stability.
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not expected during the simulations at 400 K. The second
major difference is in the first loop, which moves toward
the binding pocket to a larger extent in conf2 as compared
to conf1. The absence of contacts between the first and third
loops in conf2 might have lead to this larger movement.
Apart from these two differences, the conf1 structure
essentially merges with conf2 when the rest of the structures
are compared. More significantly, during the 400 K simula-
tions starting with conf1, the second loop which was surface
exposed has flipped into the binding cavity as in conf2. This
flipping of the second loop is seen during the equilibration
run (within 100 ps) when the third loop had just begun to
move toward conf2. This observation is in agreement with
an earlier suggestion based on structural studies that, after
the ligand enters, W314 must flip inside the binding pocket
first so that the third loop can be placed over the second
loop (21). Thus, the simulation successfully established the
sequence of events that may take place during ligand binding.
Further, once the second loop flips inside the binding cavity
as in conf2, it is much less flexible than when it is outside

surface exposed as in conf1. A similar observation was also
made with the simulations at 400 K starting with conf2. The
loss of flexibility of the second loop when it is buried inside
the binding pocket might be due to the hydrophobic nature
of the W314.

In summary, the simulations at 400 K represent the
movement of the third loop from conf1 to conf2 better than
the simulations at 300 K. This observation together with the
W314 flip only at higher temperature (400 K) suggests that
there may be an energy barrier associated with the transition.
Formation of the helix in the third loop (as in conf2) is not
observed during the conf1 400 K simulations. The transition
from conf2 to conf1 does not take place when starting with
conf2, even at 400 K. This could be since part of the third
loop is in helical conformation and the unfolding of this
helical structure may require explicit water molecules, as
demonstrated by the simulations at 400 K in explicit water
starting with conf2.

The Role of the Second Loop: Communication of Flex-
ibility. Could the energy barrier arise due to the position of
W314 since it must flip inside the binding pocket first so
that the third loop could move all the way from its conf1 to
the conf2 position? The second loop (Trp loop; Y311-G316)
is surface exposed and away from the third loop (long loop;
I345-H365) in conf1, whereas in conf2 the second loop is
buried under the third loop (P355 CR---W314 CR distance is
16.8 and 4.6 Å in conf1 and conf2, respectively). The
accessible surface area (ASA) calculation, using the Lee and
Richards method (36), shows that the largest change is at
the tip of the second loop [conf1, G313 (53% exposed),
W314 (63%), G314 (32%); conf2, G313 (8%), W314 (45%),
G314 (6%)]. During the conf1 simulations at 300 K, the
second loop moves toward the third loop, and W314 makes
hydrophobic contacts and is involved in hydrogen bonding
with the third loop side chains. To avoid such a situation
we selected a conformer (at the end of 50 ps equilibration
period) from a conf1 400 K simulation where the second
loop had flipped inside the binding pocket, like in conf2,
but the third loop was essentially in conf1. In this conforma-
tion, W314 is less likely to make many contacts as it could
when it was outside (P355 CR---W314 CR distance is 19.3
Å), unless it moves out of the binding pocket. We carried
out three 2 ns simulations at 300 K starting with this
hypothetical initial structure (third loop in conf1, second loop
in conf2; Table 1, simulation 4). We expected that during
the simulations the third loop would move to conf2 quickly
and more easily now that the second loop was out of the

Table 2: Average Energies from Simulations at 300 K onâ4Gal-T1a

average energies (kcal/mol)c

simulation no.b starting structure total internal external solvation

1 conf1 -6224.6 2661.9 -8886.5 -2345.5
2 conf2 -6224.6 2650.7 -8875.3 -2328.7
4 conformer at end of equilibration run of conf1 at 400 Kd -6163.6 2660.8 -8824.4 -2353.7
5 conformer from equilibration run of conf1 at 400 Kd -6196.4 2667.8 -8864.1 -2354.1
6 modeled; Trp loop conformation in conf1 changed to its conf2d -6189.4 2673.5 -8862.9 -2356.4

a The average energies were calculated only for unrestrained simulations at 300 K with the wild-type sequence.b The simulation number corresponds
to that in Table 1.c The average energies were calculated from the last 2 ns simulation period for simulations 1 and 2 and from the last 0.5 ns
period for simulations 4, 5, and 6. Total) internal+ external energies; internal) bond+ angle+ dihedral energies; external) van der Waals
+ electrostatic+ solvation energies.d In these cases, the starting structure had the long loop (third loop) in the conf1 conformation and the Trp
loop (second loop) in the conf2 conformation. Subsequently, the total energies are higher (28-61 kcal/mol) compared to those starting with the
crystal structures (conf1 and conf2).

FIGURE 8: CR superposition of the starting structure (purple) and
the average conformations observed during the 10 ns simulations
in implicit solvent starting with conf1 monomer (cyan) and dimer
(yellow; only one subunit is shown). The third loop is stabilized
closer to its initial conformation due to the subunit-subunit
interactions, during the simulation on conf1 dimer.
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way. Contrary to our expectation, the third loop remained
close to its starting position although it was flexible (Figure
11a,b). But, this was not the case when the second loop was
outside, as in conf1 in which case the third loop moved by
as much as 11 Å toward its conf2 position. This observation
indicated that the flexibility of the smaller second loop (6
residues) is communicated to the longer third loop (21
residues). Further, another 2 ns simulation starting with a
conformer selected from the equilibration run (just after
W314 flipped inside) also led to a similar observation (Table
1, simulation 5). To further rule out an artifact with our
starting structure, we modeled the second loop of conf2 into
the conf1 crystal structure and carried out two 2 ns
simulations at 300 K (Table 1, simulation 6). This also led
to a similar observation with the exception of the N-terminal
part of the third loop (I345-P355) moving toward conf2.
Examination of the contacts showed that, when modeled,
W314 is closer to the third loop than in our hypothetical
structures adopted from the simulation (P355 CR---W314 CR

distance is 11.2 Å).
To further examine the hypothesis that flexibility in the

second loop is communicated to the third loop, we restrained
the second loop in its conf1 position by applying a restraint
force [30 kcal/(mol Å2)], knocking out its flexibility, and

carried out two 2 ns simulations (Table 1, simulation 7). In
both MD runs, the third loop was stabilized in its starting
conformation (conf1) and did not move toward conf2 (Figure
11c). These observations suggest that the second loop acts
as a lubricant for the third loop so that its flexibility is
increased, facilitating the transition from conf1 to conf2. The
mobility imparted to the third loop enables it to cross the
energy barrier. In the absence of the contacts between the
second and third loops, the energy barrier for the transition
from conf1 to conf2 and vice versa would be higher (Figure
12). On the basis of simulations 4, 5, and 6, an approximate
estimate of the increase in the energy barrier would be
between 28 and 61 kcal/mol (Table 2). Recently, we have
been able to crystallize the W314A mutant in the absence
of any ligands (R. Velavan, B. Ramakrishnan, and P. K.
Qasba, unpublished results). Earlier, despite many attempts
neither the wild type (S130-S402) nor any other mutants
that were made could be crystallized without UDP-gal or
GlcNAc/R-lactalbumin. This provides experimental support
for our proposition. The W314A mutant also significantly
lost its catalytic activity when compared to the wild type.
When W314 is mutated to Ala, it is very likely that there
would be a significant loss of contacts between the second
and third loops.

FIGURE 9: Plot of the average residue-wise root-mean-square deviation (RMSD) for the backbone atoms obtained from simulations starting
with conf1 and conf2 at various temperatures (two MD runs for each, represented as continuous and dotted lines). A large conformational
change takes place in the third loop at 400 K starting with conf1.
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This hypothesis is further supported by the fact that W314
is flanked by glycines (one preceding and two succeeding
positions; G313-W-G-G316). Examination of 37 sequences
belonging to theâ4Gal-T1 family showed that these glycines
are highly conserved (Figure 2). Further, our examination
showed that when these glycines are replaced by alanines
(using InsightII), the Câ atoms of the alanines pointed
outward toward the surface. This observation indicates that
the presence of alanines would not have severely affected
the size of the binding pocket. Another 2 ns simulation
starting with conf1 with only the third loop restrained
confirmed that the second loop was highly flexible (Table
1, simulation 10). Therefore, the flexibility of the second
loop is independent of the third loop. A rotary motion

involving residues G313 and W314 for the second loop was
suggested previously (21).

The role of glycines in flexibility and function has already
been observed in many other known cases. The HIV protease
flap region, where a hydrophobic residue (isoleucine) is
flanked by highly conserved glycines (two preceding and
two succeeding) in the turn region of aâ-hairpin, provides
another such glycine example. The flap region acts as a gate
to the ligand binding site. As in the case ofâ4Gal-T1, the
flap region undergoes a large conformational change (peptide
bond flip) (7). This suggests evolutionary pressure for
flexibility that is required for function. Recently, the role of
conserved glycines in the catalytic loop of fructose-1,6-
bisphosphate aldolase has been explored through site-directed
mutagenesis (where each glycine in the loop has been
mutated to alanine) and kinetic studies (37). It was observed
that the replacement of glycine residues has only marginal
effects on substrate recognition and binding but significantly
affects catalysis, indicating the importance of flexibility for
function. Thus, in theâ4Gal-T1, HIV protease, and aldolase
cases, clearly there is a correlation between conservation,
flexibility, and function.

Flexible Loops: Comparison with Experiments.Although
two of the three flexible loops identified by MD simulations
are found to undergo conformational change in the crystal
structures, further experiments are needed to confirm the
flexibility of the loops. X-ray crystallography provides only
a snapshot of the molecular conformation in solution. It has
been shown that sites of limited proteolysis in globular
proteins are characterized by chain flexibility devoid of
regular secondary structure (38, 39). Using limited proteoly-
sis, the structural and dynamic features of folded and partly
folded proteins have been investigated (40, 41). This ap-
proach relies on the fact that unfolded proteins are degraded
much faster than native rigid protein structures. In native
proteins, limited proteolysis occurs at sites of enhanced
segmental mobility or in flexible loops. To experimentally
verify the observations from the simulations, we carried out
limited proteolysis experiments using the Glu-C protease

FIGURE 10: CR superposition of the average conformations obtained
during the 2 ns implicit simulations at 400 K starting with conf1
(cyan) and conf2 (brown). The structures essentially merge at this
temperature. In particular, residue W314 in conf1 is buried under
the third loop, as in the case of conf2 (Figure 1).

FIGURE 11: A comparison of three cases that shows the second loop position (with W314 shown in ball-and-stick model) affecting the
movement of the third loop in 2 ns implicit simulations at 300 K. (a) Superposition of the starting structure conf1 (purple) and the average
conformation (cyan) obtained during the simulation. (b) Superposition of a hypothetical starting structure (purple; conformer at the end of
the equilibration run of conf1 at 400 K), in which the second loop is in conf2 and the third loop is in conf1 conformation, and the average
structure (cyan) obtained during the simulation. (c) Superposition of the starting structure conf1 (purple) and the average conformation
(cyan) obtained during the simulation, in which a restraint force [30 kcal/(mol Å2)] was applied to the second loop. The third loop is
retained near its starting conformation in the (b) and (c) cases, unlike in (a). These observations suggest communication of flexibility
between the second and third loops.
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(Figure 13). Limited digestion of Gal-T1 results in a
relatively small polypeptide released from the C-terminus.
This is confirmed by the N-terminal sequencing of the
cleaved protein. From the size of the cleaved protein, it
appears that Glu-C with E354 or E368 being the potential
cleavage sites has cut off 30-40 amino acids fromâ4Gal-
T1. Both residues are in the third loop (I345-H365; or long
loop), shown to be flexible in the simulations. Further,
binding studies indicate that the cleaved protein folds into a
compact tertiary structure even in the absence of the
C-terminus that includes the third loop. Experimental studies
indicate that the truncatedâ4Gal-T1 (without the third loop)
is able to bind UDP-gal but not GlcNAc, since residues
important for UDP-gal binding were not cleaved off. This
is further supported by structural data on the wild type that
the UDP-gal binding site is compact and is independent of
the third loop. It is likely that the W314 interacts with the
UDP-gal as in the second crystal structure ofâ4Gal-T1

(conf2), even without the third loop. A difference spectro-
scopic experiment on theâ4Gal-T1 has shown that a
tryptophan must interact directly with the ligand molecule
and it must undergo conformational change when the ligand
binds (24). Our simulations indicate that the flexibility of
the second loop is independent of the third loop (Table 1,
simulations 10 and 11).

CONCLUSIONS

Enzyme activity relates to conformational flexibility (3).
Loops frequently position the catalytically important residues
at the functional site. Consequently, it is essential to explore
the conformational changes observed between the bound and
unbound crystal structures of an enzyme to understand
whether the loops involved are intrinsically flexible, the
extent of their flexibility, and the residues responsible for
the flexibility. Comparison of the crystal structures ofâ4Gal-
T1 crystallized with (conf2) and without (conf1) the sub-
strates (UDP-gal or higher concentration of GlcNAc with
R-lactalbumin) reveals a large conformational change taking
place in a long loop (I345-H365) and in a smaller loop
containing a tryptophan residue flanked by glycines (Y311-
G316; Trp loop).

Here we have explored the intrinsic flexibility of the loops
involved in the function ofâ4Gal-T1 and identified the
residues responsible for the observed flexibility. Our MD
simulations demonstrate the flexibility of the two loops, the
long loop and the short Trp loop. Limited proteolysis
experiments further confirm the intrinsic flexibility of the
long loop. Examination of the average conformation observed
during the implicit as well as explicit simulations in water
at 300 K starting with conf1 shows that the long loop moves
toward its conf2 position, stabilizing in an intermediate
conformation. The Trp loop moves toward the long loop,
making contacts with several residues positioned in the long
loop. This observation indicatescommunication of flexibility
between the two loops. Further, changing the spatial posi-
tioning of the Trp loop or restraining the Trp loop or mutating
the glycines in the Trp loop all had a dramatic effect on the
movement of the long loop.

Analysis of the sequences belonging to theâ4Gal-T1
family shows that the glycines flanking W314 in the Trp
loop are highly conserved. However, the long loop that
undergoes a large conformational change exhibits very low
sequence conservation. Our results suggest that the glycines
are conserved for the flexibility of the Trp loop that is
communicatedto the long loop. In the absence of contacts
between these two loops, there is a higher energy barrier
between the two conformational states. This proposition is
further supported by the fact that we are able to crystallize
the W314A mutant in conf1 conformation, whereas the wild
type could not be crystallized without UDP-gal or GlcNAc/
R-lactalbumin (R. Velavan, B. Ramakrishnan, and P. K.
Qasba, unpublished results). Thus, in the case ofâ4Gal-T1
there appears to be an evolutionary pressure for flexibility
that is required for function. The role of glycines in flexibility
and function has already been observed in many other known
cases including fructose-1,6-bisphosphate aldolase and HIV
protease. We are currently carrying out further analyses of
the sequence and structural databases, followed by long-time
molecular dynamics simulations, in order to explore how

FIGURE 12: Schematic energy diagram indicating the energy barrier
arising from the absence of contacts between the second and third
loops. For example, in the W314A mutant, there would be
significant loss of contacts between the second and third loops,
which increases the energy barrier for the transition between conf1
and conf2.

FIGURE 13: Experimental confirmation of flexibility through limited
proteolysis experiments. Partially digestedâ4Gal-T1 with Glu-C
protease bound to (a) GlcNAc-agarose and (b) UDP-agarose
columns. SDS gel analysis of a 20µL sample of each column
fraction: lane 1, sample prior to the loading (L); lane 2, pass-
through after loading on the column (L1); lanes 3-5, washing of
the column with the load buffer (wash); lanes 6-8, elution of the
bound protein from the column (E1, E2, E3). The upper band
corresponds to the uncut protein (129-402), the lower band (second
major band) corresponds to the C-terminal cut protein (129-368),
and the lower most (third minor band) corresponds to further cut
protein (129-354). (c) Schematic representation of the experimental
observations.
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common this mechanism is in nature, a mechanism which
involves communication of flexibility between the loops and
the conservation of glycines for flexibility. Remarkably, we
have found that this type of mechanism is conserved across
different folds and proteins performing different functions.
The examples include enolase and lipase. Hence,â4Gal-T1
serves as a model system for a mechanism that is effectively
and easily made use of by other proteins to perform a variety
of functions.
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