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1 Comparing Results for the
TIP3P and TIP4P Water
Models

In this section of the supplementary data, we
compare MD simulation results of an amylose
chain of size 10 at T=300 K, in different wa-
ter models, i.e., TIP3P1 and TIP4P,2 simulated
using the same method described in the main
paper. These simulations are labelled based on
their water model, TIP3P and TIP4P, in this
section of the supplementary data. The details
of calculating the results discussed here are ex-
plained in the main text of the paper and the
text in the other sections of the supplementary
data.
Figure S1 represents dihedral potential en-

ergy and Rg of the amylose chain for both
TIP3P and TIP4P systems. As discussed in
the main text of the paper (figure 3-A), the di-
hedral potential energy of the TIP3P system
decreases within the first 200 ns of the simula-
tion. However, unlike the TIP3P system, the
dihedral potential energy in the TIP4P simu-
lations does not decrease during the simulation
and remains higher compared to the TIP3P sys-
tem. This higher potential energy agrees with
the metastable configurations in the TIP4P sys-
tem, which is discussed later in this section.
Moreover, we can see that the Rg results for

Figure S1: A) The time evolution of the po-
tential energy of the dihedral angles and B)
the time evolution of the radius of gyration for
TIP3P and TIP4P systems. The black data
point at t = 0 ns in B indicates the initial Rg

value for each system. All displayed data is
calculated via running averages over 1000 data
points, each 10 ps apart.

the TIP4P system have larger fluctuations com-
pared to the TIP3P, which represents lower sta-
bility in the structure of the chain in the TIP4P
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simulation (Figure S1-B).
Figure S2 represents the time-averaged dis-

tribution of imperfect-helices per each residue
for the TIP3P and TIP4P systems. Unlike the

Figure S2: Time-averaged imperfect-helicity
per residue for the TIP3P and TIP4P systems
over the last 600 ns of the simulation.

TIP3P system, which has a uniform and sym-
metric pattern (i.e., increasing from one end,
reaching a plateau and decreasing again), the
pattern for the TIP4P system is nonuniform. It
shows a region with very low imperfect-helicity
centred on residue 5. This low imperfect-
helicity pattern is similar to the findings for
the N = 20 and N = 30 chains (Figure 5 A
and B), suggesting the presence of long-lasting
metastable configuration in the TIP4P system.
As the chain is only 10 residues long in the

TIP4P system, the metastability on residue 5
(i.e. almost on the centre of the chain) changes
the imperfect-helicity patterns of almost all
residues. However, the first and last residue
in the chain, which are located farthest from
residue 5, has similar imperfect-helicity pat-
terns to the TIP3P system. Additionally, we
can see that the pattern of helicity is not sym-
metric around residue 5. This is mainly because
the number of residues is not similar on each
side, i.e., four residues on the left (residues 1, 2,
3, and 4) and five residues on the right (residues
6, 7, 8, 9 and 10). The effect of the number of
residues in calculating the imperfect-helicity is
discussed in the main paper and section 4 of
the Supplementary data. In brief, helicity is

determined using the state of four consecutive
residues and thus there is a significant differ-
ence between a kink being 4 residues from one
end and 5 from the other in terms of terms of
reducing the helicity on either side. Noting this,
the helicity for residues 7, 8, and 9 do compare
well between water models. This indicates that
the major difference is the presence of the kink
rather than drastic changes in the helix form
tendency for kink-less structures.
The 2D heat map plots of the average

imperfect-helicity and band-flips for both
TIP3P and TIP4P systems are provided in fig-
ure S3. The TIP4P system has a long-lasting
non-helical region on residue 5, which remains
for the entire simulation, which is in agreement
with the results represented in figure S2 for the
TIP4P system. This long-lasting non-helical
region in the TIP4P system has a similar be-
haviour as the long-lasting non-helical regions
for theN = 20 andN = 30 systems (Figure 6-B
and C).
Similarly, the 2D heat-map of the averaged

band-flipped configurations indicates a lack of
band-flip configuration on bonds 4 and 5 in the
TIP4P system (Figure S3-D). These two bonds
connect residue 5 to its neighbour monomers,
i.e., residues 4 and 6. The long-lasting lack of
band flips on two consecutive bonds is similar to
the results obtained in the N = 20 and N = 30
systems (Figure 8-B and C).
A general comparison between the results for

the TIP4P system and the N = 20 and N = 30
simulations suggests the presence of kink config-
urations in the TIP4P simulation (Figures S3,
6 and 8). Figure S4 provides qualitative rep-
resentations of kink configuration in the amy-
lose structure in the TIP4P system. We can
see that the chain forms different tertiary struc-
tures, similar to the findings for the N = 20 and
the N = 30 systems (Figure 9).
The proposed geometric helicity criteria thus

are successful at identifying imperfect helical
structures and mapping this to helix forming
propensity for individual glucose units along the
chain for both water models. Further, kinks in
the chain are identified and correlated to the
cessation of band-flips and an increased poten-
tial energy in the dihedrals of the chain, in-
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Figure S3: Heat map of finding the average likelihood of: A) imperfect-helical structures for the
TIP3P system. B) imperfect-helical structures for the TIP4P system. C) finding band-flipped
bonds for the TIP3P system. D) finding band-flipped bonds for the TIP4P system. Each data
point is averaged over 100 frames, each 10 ps apart. The light cyan colour represents non-helical
regions (average helicity of 0). For A) and B), the darker cyan regions (and brighter magenta
regions) indicate the average amount of helicity found, with magenta corresponding to 50% helicity.
For C) and D), the darker regions indicate the average amount of band-lips found with magenta
corresponding to 1.

Figure S4: Kink structures in the amylose chain of the TIP4P system. Snapshots corresponding to
selected time frames A–D are included on the right of the heat map. The red bead represents the
first residue of the chain. The orange residues in CPK representation show residues 4, 5 and 6 of
the amylose chain.

dicating a metastable state. These measure-
ments and conclusions are consistent between
the N = 10 kink found in the TIP4P and the
N = 20 and N = 30 cases for the TIP3P wa-

ter model. The primary difference is thus that a
kink is found for theN = 10 chain in the TIP4P
water model, but not for the N = 10 chain with
the TIP3P water model. Further investigation
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is required to explore whether this is simply a
statistical effect or more directly caused by the
difference in water models.

2 Finding Template Helices
in MD Simulations

To find the geometrical criteria to capture the
imperfect-helices in the amylose chains, we first
search for template structures of H-bonded he-
lices in the simulations. Since the amylose
chains do not produce the perfectly H-bonded
helices in water, less rigid conditions are used to
find the templates in the simulation. The tem-
plate structures should satisfy two main con-
ditions. First, at least one intra-chain H-bond
should occur between any glucose units of i and
i + 6 for a helix template of size 6, i and i + 7
for a helix template of size 7, or i and i+ 8 for
a helix template of size 8. Second, no H-bonds
between non-consecutive residues in this region
should be detected. For example, in the case of
a template helix of size 6, O6 of residue 4 is H-
bonded to O2 and/or O3 of residue 10. In addi-
tion, no H-bonds should occur between residues
5 and 7 or residues 7 and 10. If both conditions
are satisfied, then the structure is considered
as a template structure. At this point, there is
no need for the H-bonds between O3 and O2
of the consecutive glucose units. The geometri-
cal properties of these H-bonded templates are
used to develop criteria to define and identify
the imperfect-helices.
Some template structures captured in our

simulations do not have circular symmetry, as
shown in the top view in figure 2-A. The asym-
metries in the templates occur because some
of the H-bonds do not form in the chain as
they should in a perfectly H-bonded helix. The
asymmetrical structures could introduce values
in the helicity criteria that do not correspond
to a helical configuration. Thus, while defining
the ranges for the φ, ψ, θ and the d, we ignore
the top and the bottom ∼10% of the values ob-
tained from the template structures.

3 Capturing Random Struc-
tures

The ranges for the dihedral angles (φ and ψ),
the angle θ and the distance d are chosen wide
enough to capture imperfect-helices that are ge-
ometrically similar to H-bonded helices of size
6, 7 and 8. In our definition of the helical ge-
ometry, the torsion angles φ and ψ define a
short-range arrangement between two consec-
utive glucose units in an amylose chain. Using
only the torsion angles as our criteria would re-
sult in capturing random structures. As an ex-
ample, figure S5-A shows a structure of size 8
that is captured based only on the torsion an-
gles criteria, while the θ and d criteria are not
satisfied.
Thus, we need longer range metrics to refine

our criteria imperfect-helices. Here, we use the
angle θ and distance d values, which represent
the arrangements between three and four con-
secutive glucose units in the chain respectively.
Using the combination of torsion angles with
only the angle θ (without the d) or only the dis-
tance d (without the θ) will still lead to captur-
ing random non-helical structures (Figure S5-B
and C).

4 Capturing Imperfect-helices
In this section, the algorithm to capture
imperfect-helical structures on the amylose
chains is described. Since the shortest
imperfect-helix contains 4 glucose units, the
chain is divided into several sets of size 4. For
example, in the amylose chain of size 10, the
chain is divided into 7 sets, where set #1 repre-
sents residues 1 to 4, set #2 represents residues
2 to 5, . . . , and set #7 represents residues 7
to 10 (Figure S6-A). If the four residues and
the bonds between them satisfy the criteria,
then the set is considered an imperfect helix:
all residues are counted as being in a helical
state and their helicity is set to 1. If this set
does not meet all criteria, all monomers are
considered non-helical and their helicity is set
to 0 (Figure S6-B, C and D). If a residue is
in an imperfect-helical configuration in at least

4



Figure S5: Snapshots of structures satisfying: A) only the dihedral angles φ and ψ criteria; B)
only the dihedral angles φ and ψ and the angle θ criteria; C) only the dihedral angles φ and ψ
and the distance d criteria. The left column presents a side view of the whole chain, the middle
column presents the bottom view of the whole chain, and the right column presents an arbitrary
view displaying the section of the chain that we are interested in it.

in one set, it is considered imperfect-helical
residue, regardless of its assessment in other
sets. For example, in case 1 in figure S6-B, sets
#2, #3 and #6 are in non-helical configura-
tions, but the whole structure is considered to
be imperfect-helical.
In our algorithm, each residue is considered

in four sets, except for the first 3 residues on
each end. Figure S6 shows that the first, second
and the third residues on each end of the chain
are part of one, two and three sets respectively.
Thus, the first 3 residues on the chain are not
equally treated in our algorithm compared to
other residues. As an example, if residue 5 is in
three non-helical sets and one imperfect-helical
set, it is considered helical. However, residue 1

(or equivalently residue 10) must always be in
an imperfect-helical set to be considered helical.
It should be noted that, although more forgiv-

ing than the H-bond helix definition, our crite-
ria for imperfect-helices are still quite conser-
vative. For the shortest imperfect-helix (length
of 4), 9 constraints, including 6 dihedral angles,
2 angles and 1 distance, need to be satisfied.
Even if only one of the constraints is not sat-
isfied, the structure is considered non-helical.
Hence, short-time fluctuations – even from one
frame to the next – can cause part of the chain
to switch from helical to non-helical. Such rapid
fluctuations are shown in Figure S7 where all
the molecular structures look helix-like but the
state of particular residues changes from frame
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Res#1 Res#2 Res#3 Res#4 Res#5 Res#6 Res#7 Res#8 Res#9 Res#10

Set #1 1 1 1 1

Set #2 0 0 0 0

Set #3 0 0 0 0

Set #4 1 1 1 1

Set #5 1 1 1 1

Set #6 0 0 0 0

Set #7 1 1 1 1

TOT 1 1 1 1 1 1 1 1 1 1

Res#1 Res#2 Res#3 Res#4 Res#5 Res#6 Res#7 Res#8 Res#9 Res#10

Set #1 0 0 0 0

Set #2 1 1 1 1

Set #3 1 1 1 1

Set #4 1 1 1 1

Set #5 1 1 1 1

Set #6 0 0 0 0
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TOT 0 1 1 1 1 1 1 1 0 0
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Set #5 0 0 0 0

Set #6 0 0 0 0

Set #7 1 1 1 1

TOT 1 1 1 1 0 0 1 1 1 1

1 2 3 4 5 6 7 8 9 10

A

B

C

D

Figure S6: Calculating the imperfect-helicity
on an amylose chain of size 10. A) shows a
schematic where each circle represents a glu-
cose residue and each square bracket divided
residues into different sets. The blue square
brackets show sets #1 and #7, green sets #2
and #6, red sets #3 and #5, and black set
#4. B-D) display three different cases from ac-
tual simulations for calculating the imperfect-
helicity of the chain based on the imperfect-
helicity of each set.

to frame.
This strictness is by design as we aim for

a conservative estimation of helicity and thus
prefer to reject some helix-like conformations
than to allow random structures into the anal-
ysis. However, it also introduces a rapid helix-
breaking mechanism that is purely an artifact
of our criteria. These fluctuations are on the
order of frame to frame and thus have minimal
effect on characterizing imperfect helices.

Figure S7: Short time fluctuations in helicity.
A) shows a heat map of the average imperfect-
helical structures for N = 10 at T = 300 K.
Each data point is averaged over 100 frames,
each 10 ps apart. B) displays a zoomed-
in portion showing the period from 357.10 ns
to 357.20 ns in detail. Black represents the
residues in imperfect-helical structure, while
white represents non-helical residues. Side and
top view snapshots of selected three consec-
utive frames in B are shown in C). At t =
357.16 ns 50% of the chain is imperfect-helical,
at t = 357.17 ns 100% of the chain is imperfect-
helical and at t = 357.18 ns 40% of the chain
is imperfect-helical. The C5–C6–O6 atoms for
all glucose units in the chain are shown explic-
itly. Magenta indicates glucose units that are
considered to be imperfect-helical.

5 Total Helicity of the Chain
The total helicity of the chain is calculated by
simply counting the number of residues that
are part of an imperfect-helix. Thus, this
measurement does not differentiate between 2
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imperfect-helices of length 4 and 1 imperfect-
helix of length 8. The results for all 3 chain
lengths are shown in figure S8.
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Figure S8: The probability of finding portions
of the amylose chain in imperfect-helical struc-
tures for all three lengths at T = 300 K. The
x-axis represents the portion of the chain in
imperfect-helical structures, i.e., the sum of all
individual structures.

As before, the probability of having no
imperfect-helices decays significantly with in-
creasing chain length. Similarly, the proba-
bility of finding longer helical sections decays
rapidly with the length of the helix. How-
ever, for N = 20 and N = 30, there are clear
peaks at certain percent helicity values. These
peaks correspond to the probability of find-
ing multiple shorter helices on the same chain.
The largest peak occurs for finding 2 imperfect-
helices of length 4 which occurs at 40% helicity
for N = 20 and ∼26% for N = 30. There is also
a small peak around 40% helicity for N = 30
which would correspond to finding 3 imperfect-
helices of length 4.
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