Supplementary File 1: Analytic equations derevation

S1 Equations in the cytosol
The equations for diffusion of HCO3 ', H, and CO,, C, in the cytosol are

,C = DV*C (1)
OH = DV*H. (2)
Here D is the diffusion coefficient.

At steady state and in spherical coordinates the solutions to V2C = 0 and V2H = 0 are known; they
have the form

where Asz, A4, Bs, and B, are constants set by the boundary conditions.
The boundary condition at the cell membrane sets the gradient;

oC accytosol

O = Rt Coppon 1 (ot = ot ?
o cytoso
oOH . OKC’C tosol
D—— =j.Hy, ++
or J K Ka + Ccytosol (6)

+ klylr{ (Hout - Hcytosol)

Here active transport of HCOj is set by the transport velocity j.. Conversion of CO5 to HCOj3 has
maximum velocity a and half maximum concentration K,. The permeability of the cell membrane to
COy and HCOj are set by escape velocities kS, and k7. We will assume the reactions are unsaturated,
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Similarly the gradient at the carboxysome shell sets the linking boundary condition between the
concentrations inside the carboxysome and in the cytosol.
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Here the velocity of transport across the carboxysome shell is k..

S1.1 Solution in cytosol

Using equation 1.3 in boundary condition 1.7 and equation 1.4 in boundary condition 1.7, we obtain:
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Then using 1.11 in 1.5 and 1.12 in 1.6 we find;
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We have grouped the following parameters:

Using our values for these constants we find the equations for CO2 and HCO3 in the cytosol;
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S2 Equations in carboxysome
In the carboxysome the equations are
0,C = DV?C + Rcoa — Rrup (19)
8,H = DV2H — Rea, (20)

where the equation for the carbonic anhydrase reaction is
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Here V, and V., are the maximum rates of dehydration and hydration. K, and K., are the half
maximum concentration rates for dehydration and hydration.



The equation for the RuBisCO reaction is
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Here V,;,4; is the maximum rate of carbon fixation by RuBisCO, and K, is half maximum concentration
rate, modified to include competitive binding with Os, O.
We can use the solution in the cytosol to write a boundary condition at the carboxysome:
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S3 RuBisCO negligible in setting up C'O; concentration

When RuBisCO negligible we can find the solution in the carboxysome as a balance between the carbonic
anhydrase dehydration reaction and either the hydration reaction or diffusion.

S3.1 Carbonic anhydrase equilibrates carbon in carboxysome
If the carbonic anhydrase rate is faster than the diffusion rate then diffusion will be negligible and the
solution in the carboxysome is set by Roa ~ 0;
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Another consequence of looking at equations 1.19 and 1.20 at steady state with Rg,, ~ 0 is that
V2(C + H) ~ 0. Integrating once we get:
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the constant a must be zero, or else we would get a divergent solution at » = 0. This is the same as
mass conservation. Since the RuBisCO reaction is negligible, the total flux of inorganic carbon in and
out of the carboxysome must balance. Using boundary conditions 1.24 and 1.25 in equation 1.27, we find
a second equation for H and C.
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Using equation 1.55 we can find the CO5 concentration in the carboxysome:
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and the solution for H is set by 1.55.
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S3.2 Low carbonic anhydrase concentration

It is possible for the hydration reaction to be negligible compared to diffusion when carbonic anhydrase

becomes saturated. In this case V2H = % and V2C = —%, implying
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applying boundary conditions 1.24 and 1.25 to these equations we find,
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We have differentiated the diffusion constant in the carboxysome, D. from the one in the cytosol,
D. At the carboxysome shell we use the same diffusion constant as in the cytosol, since this is how we
calculated the carboxysome permeability in the text.

S4 RuBisCO significant

If RuBisCO is significant then the approximation 1.27 doesn’t hold. Instead we need to loosen the
condition. Instead of the flux of H 4+ C out of the carboxysome being zero, it must be equal to the
amount of CO5 consumed in the carboxysome.
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We still use the fact that the carboxysome is small, and so diffusion equilibrates the concentration across

the carboxysome very quickly. The equation for HCOj3 therefore, still enforces the ratio Heqrborysome =
\‘;ZZ ﬁiz Ccarbomysome~

If we define the following;:
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For comparison, when RuBisCO is not significant the solution, equation 1.29, can be written as
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When RuBisCO is significant but saturated, and the reaction is constant, we can make the approximation:
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When RuBisCO is significant but unsaturated, and the reaction is linear in CO4y concentration, we can
make the approximation:
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S5 Reactions everywhere in cell
When RuBisCO and carbonic anhydrase are everywhere in the cell the equations previously used in the

carboxysome apply everywhere:

0,C = DV2C + Rca — Rrup (48)
OH = DV?H — Reoa, (49)
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but now the only boundary condition is at the cell membrane;
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Equations 1.48 and 1.49 can now be solved making the same approximations as before.
S5.1 Carbonic anhydrase equilibrates carbon in cell
Using the analogous approximation to equation 1.27, set by boundary conditions 1.53 and 1.53,
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S5.2 Low carbonic anhydrase concentration
When carbonic anhydrase concentration is low and saturated we have the same equations as before,
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and apply boundary conditions 1.52 and 1.53. We get:
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S5.3 RuBisCO significant

Following the same methodology as in section S3, we write
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Where the two partial derivatives at r = Ry are defined by boundary conditions 1.52 and 1.53.
We can define
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Note that Ny and M, do not have the same dimensions as N and M defined previously. Using these
definitions we can solve for the COs concentration in the cytosol.
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The equation for CO2 concentration assuming negligible RuBisCO activity, equation 1.57, can be
rewritten:
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If RuBisCO is saturated then the concentration is described by:
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If RuBisCo is unsaturated: N
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S6 Reactions localized without carboxysome

We assume the region where the enzymes are located remains the same size. This could be accomplished
by attaching the enzymes to a scaffold instead of incapsulating them.
When there is no carboxysome shell, the boundary condition at R. changes to:

Ccytosol = Cscaffold (73)
Hcytosol = Hscaffold (74)



where the concentration in the cytosol is the same as before.
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Plugging equations 1.75 and 1.76 into the following boundary conditions at the cell membrane
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we find the values of A3 and B3 are the same as before, but with a different definition of G.
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Here the concentration of COs at the cell membrane,
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The solution in the carboxysome is exactly what we have calculated before, in either the carbonic
anhydrase equilibrating or saturated case, except with our new definition of G.



