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Modulating Functional Loop Movements:
The Role of Highly Conserved Residues in the
Correlated Loop Motions
Kannan Gunasekaran[a] and Ruth Nussinov*[a, b]

Loop flexibility in enzymes plays a vital role in correctly positioning
catalytically important residues. This strong relationship between
enzyme flexibility and function provides an opportunity to engineer
new substrates and inhibitors. It further allows the design of site-
directed mutagenesis experiments to explore enzymatic activity
through the control of flexibility of a functional loop. Earlier, we
described a novel mechanism in which a small loop triggers the
motions of a functional loop in three enzymes (�-1,4-galactosyl-
transferase, lipase, and enolase) unrelated in sequence, structure,
or function. Here, we further address the question of how the
interactions between various flexible loops modulate the move-
ments of the functional loop. We examine �-1,4-galactosyltrans-
ferase as a model system in which a Long loop undergoes a large
conformational change (moves in space up to 20 ä) upon substrate
binding in addition to a small loop (Trp loop) that shows a
considerably smaller conformational change. Our molecular-
dynamics simulations carried out in implicit and explicit solvent
show that, in addition to these two loops, two other neighboring

loops are also highly flexible. These loops are in contact with either
the Long loop or the Trp loop. Analysis of the covariance of the
spatial displacement of the residues reveals that coupled motions
occur only in one of these two loops. Sequence analysis indicates
that loops correlated in their motions also have highly conserved
residues involved in the loop ± loop interactions. Further, analysis of
crystal structures and simulations in explicit water open the
possibility that the Trp loop that triggers the movement of the Long
loop in the unbound conformation may also play the same role in
the substrate-bound conformation through its contact with the
conserved and correlated third loop. Our proposition is supported
by the observation that four of the five conserved positions in the
third loop are at the interface with the Trp loop. Evolution appears
to select residues that drive the functional Long loop to a large
conformational change. These observations suggest that altering
selected loop ± loop interactions might modulate the movements
of the functional loop.

Introduction

Protein motions range from simple bending and stretching of
bonds to subunit rotations and translations.[1] Conformational
changes associated with loop(s) are critically important for
enzyme function.[2] Several experimental and theoretical studies
have shown that flexibility is an integral part of protein function
(Scheme 1).[3] Understanding how protein motions control
enzyme catalysis is fundamental to drug discovery.[4] Well-
studied examples include protein kinases, triosephosphate
isomerase, fructose-1,6-bisphosphate aldolase, HIV protease,
lipase, and enolase.[5] Recently, �-1,4-galactosyltransferase
(�4Gal-T1) has been shown to undergo a large conformational
change to create binding sites for oligosaccharides and �-
lactalbumin.[6] �4Gal-T1 is a 402-residue-long enzyme that
catalyzes the transfer of galactose from UDP-galactose (UDP-
Gal) to N-acetylglucosamine. It also forms a 1:1 complex with �-
lactalbumin to synthesize lactose. Comparison of the crystal
structures of the enzyme with the substrate bound and un-
bound reveals a large conformational change (displacement of
up to 20 ä) in a Long loop comprising residues Ile345 to
His365.[6a] Another loop that has a conserved Trp residue
(Trp314) flanked by multiple glycine residues undergoes a
relatively smaller conformational change (Tyr311 to Gly316; Trp
loop). Both molecular-dynamics simulations and limited pro-

teolysis experiments have confirmed the flexibility associated
with the Long loop in solution.[7] Multiple implicit-solvent as well
as explicit-solvent simulations carried out on this enzyme have
also revealed that the conformational change associated with
the Long loop is triggered by the Trp loop. In the absence of
contacts between the Trp and the Long loops, the energy barrier
for the transition of the Long loop from the unbound to the
bound state is higher. The increase in the energy is estimated by
using implicit-solvent simulations to vary from 28 to
61 kcalmol�1, and with explicit-water simulations to be around
45 kcalmol�1. The simulations have also shown that mutation of
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Scheme 1. Conformational flexibility in loops is critical for enzyme function.
Thus, we may expect that there would be an evolutionary pressure to conserve
residues that are critical for loop flexibility. For our case here, we first identified
loops that displayed correlated motions. We were able to derive the sequence of
events from the open to the closed conformation, and have hints for the path
from the closed to the open. We proceeded to pinpoint the critical residues
involved in the loop ± loop interactions. Next, we carry out a conservation study
using the sequence database. We found consistency between the residues
identified as critical in the molecular-dynamics simulation and in the sequence
database conservation analysis. The identified residues may provide an
opportunity to design or modulate function through control of flexibility.

the glycine residues in the Trp loop to alanine, restraining the Trp
loop, or repositioning the Trp loop (such that it does not make
any contact with the Long loop) all had dramatic effects on the
movement of the Long loop. Importantly, as predicted by the
simulations, when the Trp314Ala mutant was crystallized in the
unbound conformation, the Long loop conformation was
significantly affected.[6d] The mutant also showed a significant
loss in its catalytic activity. These findings have indicated that the
Trp loop triggers the movement of the Long loop. In our earlier
study, in addition to �4Gal-T1, we also observed a triggering loop
mechanism in two other enzymes: lipase and enolase. These
three enzymes differ in sequence, folding, and function.
Combined, these findings have led us to conclude that evolution
has modulated and adapted essentially the same mechanism for
different types of functions.[7] We speculated that evolution
might conserve and repeatedly utilize skillful mechanisms: A
particular function modulates and adapts a general ™skillful∫
mechanism to a specific enzymatic reaction.

Here, we use molecular-dynamics simulations to examine all
flexible regions in �4Gal-T1. We address the question of how the
interactions between various flexible loops modulate the move-
ments of the functional loop (Long loop) in the substrate-bound
and -unbound conformations. We carried out covariance analysis
of the spatial displacement of residues in order to identify loops
that show correlated movements with the functional loop. Our
analysis reveals that selective loop ± loop interactions play a role
in modulating the movement of the functional loop. Interest-
ingly, loops coupled in motions also have highly conserved
residues involved in the loop ± loop interactions. The observa-
tions indicate that the movement of the Long loop from the
bound to the unbound state could also be triggered by the Trp
loop, as in the case of the unbound to the bound state. The
correlated motions, conserved by evolution, illustrate an elegant
mechanism. Our results are consistent with recent observations
on dihydrofolate reductase, in which molecular-dynamics sim-
ulations revealed coupled motions between loops,[8a, b] and

sequence analysis indicated that conserved residues could play a
role in the network of coupled motions.[8c] �4Gal-T1 provides a
unique opportunity to examine the mechanism of loop move-
ments since it undergoes a large conformational change and
multiple loops are involved.

Results and Discussion

Comparison of the substrate bound and unbound enzyme
crystal structures reveals that two regions undergo conforma-
tional changes in �4Gal-T1: a) a Long loop comprising residues
Ile345 to His365, and b) a small loop from Tyr311 to Gly316
containing a catalytically important tryptophan residue (Trp
loop; Figure 1a). A series of 10 ns implicit-solvent molecular-
dynamics (MD) simulations at 300 K carried out earlier and in this
work on the unbound structure reveals that, in addition to the
Long loop (functional loop) and the Trp loop, two other loops
also show high backbone root-mean-squared deviations (RMSD)
indicating conformational flexibility : Gln220 to Lys230 (Loop 1)
and Val275 to Val287 (Loop 2; Figure 1b). However, Loops 1 and
2 do not show any structural variation when the substrate-
bound and -unbound crystal structures are compared (Figure 1a).

Figure 1. a) C� superposition of crystal structures of �4Gal-T1 crystallized
without (purple, unbound; 2.4 ä resolution) and with (cyan, bound; 2.0 ä
resolution) the substrate UDP-Gal. A significant structural change is seen in a
Long loop (Ile345 to His365) and in a short loop (Trp loop: Tyr311 to Gly316)
containing a tryptophan residue (Trp314). The Long loop's position moves as far
as 20 ä between the unbound and bound conformations. b) Residue-wise
backbone root-mean-squared deviations (RMSD) calculated from the five 10 ns
implicit-solvent molecular-dynamics simulations at 300 K. Apart from the N
terminus, a total of four loops show high fluctuations.
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In the substrate unbound crystal structure, Loop 1 is positioned
adjacent to the Trp loop and is involved in side chain ± side chain
as well as backbone ± side chain interactions with the Trp loop. In
particular, there is a hydrogen-bonding interaction between
Asn227 and Asn309. In the substrate-bound conformation,
Loop 1 also interacts with the Long loop and possibly plays a
role in stabilization. Loop 2 is placed adjacent to the Long loop,
and some of the Long-loop residues interact with Loop 2. In
particular, Asn353 is involved in side chain ± backbone hydrogen
bonding interaction with Gly281, and there is also a backbone ±
backbone hydrogen bonding interaction between Glu354 and
Lys279.

During the 10 ns implicit-solvent simulations, the Long loop
quickly (within 2 ns) moves to an intermediate position between
the unbound and bound conformations and remains stable at
this position for the remaining 8 ns of the simulation. The Trp
loop moves in the opposite direction, making several hydro-
phobic and hydrogen-bonding interactions with the Long-loop
residues. A set of 4 ns explicit-water simulations on �4Gal-T1
confirms these observations. As can be seen in Figure 2a, Loop 1

Figure 2. a) C� superposition of the starting structure (purple, unbound) and a
snapshot of �4Gal-T1 (cyan) observed during a 4 ns explicit-water simulation at
300 K. The identified flexible loops are shown in ribbon model. Loop 1 (green in
the starting structure) and Loop 2 (brown) show much less structural deviation
than the Trp and Long loops. The glycine positions in the loops are shown in blue
in the starting structure. b) Plot of RMSD versus time, calculated based on C�

positions between equilibrated crystal structure (unbound) and snapshots
observed in the simulations. The dotted line represents the entire structure, while
the solid line is without considering the N terminus (Thr132 ± Pro179) and the
Long loop (Ile345 ±His365). The RMSD value remains stable at around 1.8 ä after
2.0 ns simulations, this indicates sampling of stable conformations. It may be
noted here that in addition to the N terminus and the Long loop, there are also
other loops that undergo significant fluctuations as shown in Figure 1b.

and Loop 2 do not show large positional displacement as
compared to the Trp and Long loops. We further examined the
stability of the protein and convergence of our simulations
through analysis of RMSD versus duration of the simulations
(Figure 2b). Figures 1b and 2b show that, apart from the
identified loops and the N terminus, the core of the protein
remains stable. Further, Figure 2b shows that there is no
significant increase in the RMSD value after 2.0 ns; this indicates
that the simulation samples stable conformations.

In order to address the question of whether the spatial
displacements of the identified flexible loops are correlated
during the 4 ns explicit-water simulations, we carried out a
covariance analysis. The covariance of the spatial displacement
of the residues was calculated based on C� positions by using
X-PLOR (Figure 3). A covariance value of 1 would indicate that

Figure 3. The covariance matrix plot calculated from 4 ns explicit-water
simulations on �4Gal-T1 unbound conformation by using X-PLOR.[13] The
covariance (Si,j) of the spatial displacements of two C� atoms, i and j, was
calculated by using the formula shown in the figure, where x[i] and x[j] are the
coordinate displacements relative to the average positions of atom i and j. As can
be seen from the figure, the Long-loop movement is correlated with the Trp loop
and Loop 1, while it is uncorrelated with the Loop 2 (although, Loop 2 shows high
fluctuations during the implicit- and explicit-water simulations and is in contact
with the Long loop in the unbound crystal structure).

the motions are coupled while a value of 0 would indicate that
there is no correlation. High correlation is seen among the Trp
loop, Long loop, and Loop 1. Although the Long loop and Loop 1
are not in contact in the unbound crystal structure, the coupled
motions between the two may arise through the contacts of
Loop 1 with the Trp loop, which in turn makes contact with the
Long loop (Figure 4). Further, Loop 1 makes contact with the
Long loop in the substrate-bound conformation. Thus, Loop 1 is
likely to further drive and stabilize the Long loop in its substrate-
bound conformation. It is also possible that the Trp loop, which
triggers the movement of the Long loop in the substrate-
unbound conformation, may also play the same role in the
substrate-bound conformation. The Trp loop may trigger the
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Figure 4. �4Gal-T1 with all the identified flexible loops shown in ribbon model.
The Long loop is correlated with the Trp loop and Loop 1. Although the Long loop
and Loop 2 are neighbors, their movements are not correlated. Analysis of the
PFAM database shows that the interactions between the Loop 1, Trp, and the Long
loop involve highly conserved residues. The glycine positions in the loops are in
blue.

movement of the Long loop in the bound conformation through
its contact with Loop 1, which in turns makes contact with the
Long loop. Interestingly, although Loop 2 is involved in back-
bone ± backbone as well as sidechain ± sidechain interactions
with the Long loop, its movements are not coupled with those of
the Long loop.

We also searched the Protein families database of alignment
(PFAM) for highly conserved (�80%) positions in the identified
flexible loops.[9] The consistency between the conserved posi-
tions and the coupled loops is striking. Our earlier analysis
showed that residues involved in the interactions between the
Long loop and the Trp loop are highly conserved (Figure 5).[7] In
the present work, we note that this is also the case for the Trp
loop and Loop 1. The Phe226, Asn227, Arg228, and Ala229
positions in Loop 1 are highly conserved in the �4Gal-T1 family
(Figure 6). Similarly, residues in the Trp loop are also highly
conserved. Again, both loops are also coupled in their motions.
In the unbound crystal structure, Asn227 N�2 is hydrogen
bonded to the Asn309 backbone oxygen atom, and Ala229 C� is
in contact (distance �4.5 ä) with Pro308 C�, and, in the bound
conformation, Phe226 C� is in contact with Asn353 C�. In the
energy-minimized unbound structure, Arg228 is involved in the
side chain ± side chain hydrogen bonding interaction with
Glu317. Figure 7a shows that conserved positions in Loop 1 are
at the interface with the Trp loop. Of the five highly conserved
positions, four are at the interface with the Trp loop. This further
supports the proposition that the conserved residues promote
coupled motions.

Interestingly, in contrast to the Trp loop and the Loop 1 case,
no conserved position is involved in the interaction between the
Long loop and Loop 2. Leu284 and Tyr286 are the only two
positions that show conservation in Loop 2 (Figure 6). Remark-
ably, both positions point away from the Long loop and do not

Figure 5. Interactions between the Long and Trp loops during a 4 ns explicit-
water simulations on the unbound conformation of �4Gal-T1. The residues
involved in the interactions are highly conserved in the �4Gal-T1 family.[7]

a) Snapshot of the interactions observed at 1.2 ns; b) positions in the starting
conformation (t� 0), for comparison.

interact with it even during the molecular dynamics simulations
(Figure 7). We also examined the possibility that the interacting
residues in these two loops could undergo correlated mutations
(and thus a single position may not show conservation) ;[10]

however, we did not find any such examples. These observations
are consistent with the covariance analysis, in which we did not
see any coupling between the motions of the Long loop and
Loop 2. It is also interesting to note that the correlated
movement occurs in the direction of the Long loop movement
toward its substrate-bound conformation.

Conclusion

Understanding how protein motions control enzyme catalysis
has broad implications in the design of new substrates and
inhibitors.[4] Further, such an understanding could be useful in
the design of site-directed-mutagenesis experiments to inves-
tigate enzymatic reactions. The work presented here suggests
that modifying the interactions between the functional loop and
its neighbors, whose motions are coupled, could alter the
functional-loop movements. The study also suggests that only
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some loops play a role in modulating function by controlling the
movement of the functional loop. Since not all of the loops that
are neighbors of the functional loop show coupled motions,
molecular-dynamics simulations appear to be a useful technique
for identifying those loops involved in correlated movements.

Interestingly, in the example studied here (�4Gal-T1), loops
with correlated movements also show significant conservation
of amino acids involved in loop ± loop interactions. The consis-
tency between the correlated loops (as identified by explicit-
water simulations) and the conserved interactions (as identified
from the PFAM database) is striking. A comparison of the
substrate-unbound and -bound �4Gal-T1 crystal structures
reveals that the Long and the Trp loops show conformational
variations. However, during the simulation, two additional loops
(Loops 1 and 2) also exhibit flexibility. Examination of the
covariance of the spatial displacements of these four loops
reveals, that of the four loops that show high flexibility during
the simulations, only three display correlated movements.
Although in the substrate-unbound crystal structure Loop 2
and the Long loop are in contact, their movements are not
coupled. Consistently, residues involved in the interactions
between the Long loop and Loop 2 are not conserved either.
Loop 1 is located away from the Long loop in the substrate-
unbound conformation; however, they are coupled in their
motions. The coupled motions could occur through the
interactions of Loop 1 with the Trp loop. Consistently, residues
involved in the interactions between the Trp loop and Loop 1 are

also highly conserved. Both hydro-
gen-bonding and hydrophobic in-
teractions are observed to play a
role in the loop ± loop interactions.
This could suggest that evolution
preserved these residues in order to
modulate the movements of the
functional loop.

To conclude, the motions of
Loop 1 are coupled with those of
the Trp loop. The motions of the Trp
loop are in turn coupled with those
of the Long loop. The Trp loop
triggers the closure of the func-
tional Long loop from the unbound
to the bound state. It appears that
the movement of the Long loop
from the bound to the unbound
state is also triggered by the Trp
loop. However, it is triggered
through Loop 1. The correlated mo-
tions, conserved by evolution, illus-
trate an elegant mechanism. Earlier
we observed a similar closure
mechanism in three unrelated en-
zymes, �4Gal-T1, lipase, and eno-
lase. It is yet to be investigated if
the opening mechanism seen in
�4Gal-T1 is also observed in the
other two unrelated enzymes.

Computational Methods

We have considered the �4Gal-T1 segment comprised of residues
Thr132 to Ser402, for which coordinates are available in both
conformations (PDB code 1FGXA (apo), 1J8XB (holo)).[11] A set of five
MD simulations in implicit solvent was carried out to explore the
dynamic behavior of the �4Gal-T1. MD simulations in explicit water
were also carried out in order to analyze the covariance of the loops.
For the implicit-solvent simulations, we used the effective energy
function (EEF1) combined with the CHARMM19 polar hydrogen
potential energy function.[12] For the implicit-solvent simulation with
the EEF1 forcefield, the crystal structures were subjected to 300 steps
of minimization by using the adopted basis Newton ± Raphson
routine (ABNR) available in the CHARMM package (version c27b1). In
the initial phase of heating, the simulation temperature was slowly
raised in steps, with the system preserving the crystallographic
structure. At the final required temperature (300 K), the system was
equilibrated for 50 to 100 ps (10�12 s) with a time step of 2 fs (10�15 s).
The equilibration period was followed by a longer duration of
productive MD simulations with a time step of 2 fs. The SHAKE
constraint on bond lengths within CHARMM was turned on. The
conformers were saved at 2 ps intervals. In order to remove the
center-of-mass motions, the saved conformers were superimposed
on the minimized starting structure by using InsightII (Accelrys, Inc. ,
San Diego). The structures were superimposed by considering either
all backbone or all C� atoms as needed. For the explicit-water

Figure 6. Sequence alignment of 37 members of the �4Gal-T1 family (alignment taken from the PFAM database[9] ).
The alignment is shown for the segments corresponding to the four identified flexible loops (Figure 1b). Loop 2 has only
two conserved positions, both point away from the Long loop. On the other hand, many of the Loop 1 residues are
highly conserved and are involved in interactions with the Trp loop. The Trp loop sequence is also highly conserved in
the �4Gal-T1 family. The positions conserved in more than 80% of the sequences are shaded in gray.
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Figure 7. Conserved positions in Loop 1, Loop 2, and the Trp loop depicted on the
substrate-bound (a) and -unbound (b) crystal and simulated structures. The highly
conserved positions (�80%) are shown in ball-and-stick model with the
backbone ribbon representation in green. In (a), of the five conserved positions in
Loop 1, four are at the interface with the Trp loop. b) There are only two conserved
positions in Loop 2, both are far from the Trp loop and do not interact with the
Long loop even during the simulations. For reference, the Long loop is shown in
ribbon representation.

simulations on �4Gal-T1, in addition to the crystal structure, we
also considered the associated crystal water. A total of 81 crystal
water molecules were included for the unbound and 96 for the
bound conformer. The systems were then soaked in a cubic
water box with an edge length of 65 ä. Care was taken to ensure
that the effective water density remained close to 1.0 gcm�3 (a
total of 7608 water molecules were included). The systems were
then subjected to minimization, followed by slow heating and
equilibration before the productive runs. The periodic boundary
condition was imposed so that a constant number of water
molecules would be maintained during the simulations. The
nonbonded interactions were truncated at 12.0 ä. A time step of
1 fs was used for the simulations, and the conformers were
saved at an interval of 1 ps. When multiple simulations were
required, the random seed, and the heating and equilibration
periods were all manipulated in order to generate different
trajectories.
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