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 164 

Fig. S11. Potential immunological effects of SARS-CoV2 Spike protein glycosylation. (A-B). Spike extracellular domain surface 165 

given in grey. The surface glycans are highly dynamic. Glycans overlaid from 250 different conformations are shown as points; this 166 

gives a “cloud” like rendition of the area most heavily occupied where the points are dense, and space that glycans sample less 167 

frequency. Fucosylated 2 and 3 antennae complex (FA2 and FA3) glycans, oligomannose (OM) glycans and hybrid (Hyb) glycans 168 

are colored according to key. (A) all-down and (B) one-up conformations shown. Glycans directly affecting RBD and NTD coverage 169 

change due to RBD opening are marked. Removal of glycan 165 has experimentally been shown to increase the population of 170 

protomers in the single-protomer up state.  Removal of glycan 234 has experimentally been shown to decrease the population of 171 

protomers in the single-protomer up state (10). FP residue range 816 to 855 shown in yellow. (C) Effect of D614G substitution on 172 

FP coverage. N-glycans surrounding FP are numbered. Glycans at 282, 603 and 801 from the same protomer and glycan 616 from 173 

the neighboring protomer contribute to partial shielding of FP. On the left is the point cloud of glycans from 250 different 174 
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conformations for the four different systems. White dashed circle shows the areas of change between D-form and G-form. Numbers 175 

label all glycans that touch the FP domain. On the right is the change in GEF superimposed on the relevant sequence.  176 

 177 

 178 

 179 

 180 

Fig. S12. Structure based sequence alignment. Sequence alignment between SARS-CoV1 and SAR-CoV2 based on PDB 181 

structures 6ACC and 6VXX. Sequences given here are as found in the structures used.  182 
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Ising Model of Covid Spike

Here we use a periodic three-spin Ising model to describe the occupation
probability–and hence the population–of a particular thermodynamic macrostate
through the Boltzmann distribution, which includes taking the exponential of
the energy. It captures how a change in energies can lead to a large shift in the
ratios of the respective populations.

Consider the one-dimensional periodic Ising model not in an external field,
in which the Hamiltonian is defined as,

H(�) = �
X

{i,j}

Jij�i�j , (1)

where the sum is across all nearest-neighbor pairs, including the pair {0, N}
where N is the total number of spins.

We may think of the COVID Spike trimer in a highly simplified way as
being a three-spin periodic Ising model, where each of the protomers is a “spin”
that can take on an “up” state or a “down” state. Let us assume the following
definitions for the interaction energies: EUU is the magnitude of the interaction
between a pair of protomers both in the up state, EDD is the magnitude of
the interaction between a pair of protomers both in the down state, EUD is
the magnitude of the interaction between protomers where the S1 region of the
protomer in the up state interacts with the S2 region of the protomer in the
down state, and EDU is the magnitude of the interaction between protomers
where the S2 region of the protomer in the up state interacts with the S1 region
of the protomer in the down state. We do not assume these are equal since
there is a known asymmetry in these interactions. Then the Hamiltonians of all
microstates in the system are given as follows,

H(UUU) = �3EUU (2)

H(DDD) = �3EDD (3)

H(UDD) = H(DUD) = H(DDU) = �EDD � EDU � EUD (4)

H(UUD) = H(UDU) = H(DUU) = �EUU � EDU � EUD, (5)

where we assume all interactions are overall favorable with negative interaction
energies at body temperature, room temperature, etc.

The probability of being in a particular microstate is given by the Boltzmann
distribution,

P (SSS) =
exp (��H(SSS))

Z⌦
, (6)
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where S 2 {U,D}, � = (kBT )�1 is the Boltzmann factor, and Z⌦ is the nor-
malizing constant or partition function.

Then let us consider the ratios of di↵erent macrostates to one another. We
have four possible macrostates: all down (none up) (0U), three (all) up (3U),
one up (1U), and two up (2U). Of these, all down and three up correspond
to a single microstate, and one up and two up correspond to three microstates.
Then the set of potentially interesting probability ratios is,

P (1U)

P (0U)
= 3e�(EDU+EUD�2EDD) (7)

P (2U)

P (0U)
= 3e�(EDU+EUD+EUU�3EDD) (8)

P (3U)

P (0U)
= e

�(3EUU�3EDD) (9)

P (2U)

P (1U)
= e

�(EUU�EDD) (10)

P (3U)

P (2U)
=

1

3
e
�(2EUU�EDU�EUD)

. (11)

Assuming that most Cryo-EM and similar experiments have been performed
at equilibrium, we note that there is a general lack of observation of the 2U and
3U states, which suggests that the di↵erence between EUU and EDD is large
with EUU ⌧ EDD, which would lead to a rapidly vanishing exponential in the
comparison between 2U and 0U , 3U and 0U , and 2U and 1U , etc. Since most
studies have seen an approximate 50/50 = 1 ratio of 1U to 0U populations, this
gives an order of magnitude estimate for the di↵erence in EDD and EDU if we
assume EDU ⇡ EUD, T = 310 K, and kb = 1.38⇥ 10�23 m2 kg s�2K�1, of,

3e�(2EDU�2EDD) ⇡ 1 (12)

EDU � EDD ⇡ kBT log(3)

2
⇡ �10�21m2kg-s�2 (13)

or approximately -0.006 eV, which is still a significant energy di↵erence when
considering the system as single particles in a highly idealized model.

If our results do point to an equalization of the energies between EDU and
EDD, then that would point to a shift in population from a 1:1 to a 3:1 ratio for
1U :0U as the argument of the exponential goes to zero and the exponential goes
to one, meaning 75% 1U and only 25% 0U , which could already be responsible
for an increase in transmissibility.

It is unclear from our current results whether the mutation could also e↵ect
the EUU interaction, but it is certainly not impossible. Since the Boltzmann
distribution is an exponential, even relatively small changes in the argument
can lead to large changes in the overall population of the states. A good avenue
for future work would be to investigate the 2U and 3U states if possible.

One caveat to this interpretation is that it solely addresses thermodynamic
contributions and does not consider the rates at which di↵erent states can tran-
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sition from one to the other. If the rate of state transition is very low in com-
parison to the lifetime of the Spike between creation and ACE2 binding, then
the thermodynamics are not the relevant quantity and what is more relevant is
the initial configuration and–assuming that to be all down–the ease with which
it can transition into the 1U conformation. This potential kinetic aspect of
state transition would need to be addressed through di↵erent techniques, but
it is also possible that the relaxation of the hydrogen bonding network induced
by the mutant could have a significant impact on the kinetics as well as the
thermodynamics.
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