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Section S1. The Global Carbon Budget.'

The Global Carbon Budget report published within the Global Carbon Project is an accurate assessment
of anthropogenic carbon dioxide emissions and CO»-fluxes within environmental compartments
contributing to the steadily increase of the average amount of atmospheric CO; (referred as “CO2
growth rate” , Gatm). The CO2-budget accounts for CO»-emissions (including emissions form fuels and
industrial activities, Eros and land use change, Eruc. Eros takes into account emission form fuels and
industrial activities excluding the cement carbonation sink) and CO;-sinks (including terrestrial, Spanp
and oceans sinks, Socean) resulting in the mass balance shown in Eq. 1 (budget imbalance, B,
compensates for overestimated emissions or underestimated sinks and accounts approximately for 0.37
GtCOy ..

Eros + ELuc = Garm + Socean + Scanp + Biv Eq.1

Through the text of the Reports CO; fluxes are expressed in GtCy™!' unit. To convert GtCy! into the
GtCOy/year) the following equation can be used: 1 GtC = 3.664 GtCO,.

According to the Global Carbon Budget Report published in 2020, Syanp and Socean are estimated at
12.4 GtCO2/y and 9.16 GtCO»/y respectively (data are averaged globally for the decade 2010-2019)
while Eros and Eruc fluxes are estimated at 35.1 and 5.8 GtCO»/y.



Table S1.!

Cumulative CO: for different time of periods in GtC. All uncertainties are reported as £1[]. The budget imbalance provides
a measure of the discrepancies among the nearly independent estimates. Its uncertainty exceeds + 60 GtC. The method used
here does not capture the loss of additional sink capacity from reduced forest cover, which is about 20 GtC for the years
1850-2018 and would exacerbate the budget imbalance. All values are rounded to the nearest 5 GtC, and therefore columns
do not necessarily add to zero. (Table from ref. 1, used without changes from original source distributed under the creative
common attribution 4.0 licence, https://essd.copernicus.org/articles/12/3269/2020/).

Units of GtC 1750-2019 1850-2014  1959-2019  1850-2018 1850-20207
Emissions

Fossil CO; emissions (Eros) 445 + 20 395 +20 365 £20 445 £ 20 455 +20
Land use change CO: 255+ 70b 200 + 60° 85+ 404 210 £ 60° 210 + 60
emissions (ELuc)

Total emissions 700 £ 75 595+ 65 450 + 30 650 + 65 665 + 65
Partitioning

Growth rate in atmospheric 285+5 235+5 205+5 265+5 270+ 5
CO: concentration (Gatwm)

Ocean sink (Socean)® 170 £ 20 145 + 20 105 + 20 160 + 20 165 + 20
Terrestrial sink (SLanp) 230 + 50 195+ 50 145+ 35 210+ 55 215+ 55

Budget imbalance

BIM = Eros + ELuc — (Gat™m 20 20 0 20 20
+ SoceaN + SpLanD)

*Using projections for the year 2020. Uncertainties are the same as for the 18502019 period. ®*Cumulative ELuc 1750-1849
of 30 GtC based on multi-model mean of Pongratz et al. (2009),> Shevliakova et al. (2009),? Zachle et al. (2011),* and Van
Minnen et al. (2009).° The 1850-2019 period from mean of H&N (Houghton and Nassikas, 2017)® and BLUE (Hansis et
al., 2015).” The 1750-2018 uncertainty is estimated from standard deviation of DGVMs over 1850-2018 scaled by 1750—
2018 emissions.

¢ Cumulative ELuc based on H&N and BLUE. Uncertainty is estimated from the standard deviation of DGVM estimates.

4 Cumulative ELuc based on H&N and BLUE. Uncertainty is formed from the uncertainty in annual Eruc over 19592019,
which is 0.7 GtC yr'! multiplied by the length of the time series. °Ocean sink uncertainty from IPCC (Denman et al., 2007).3
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Figure S1 Combined components of the global carbon budget illustrated as a function of time, for fossil CO»
emissions (Eros, grey) and emissions from land use change (ELuc, brown), as well as their partitioning among the
atmosphere (Garm, blue), ocean (Socean, turquoise), and land (Spanp, green). The partitioning is based on nearly
independent estimates from observations

(for Gatm) and from process model ensembles constrained by data (for Socean and Spanp), and it does not
exactly add up to the sum of the emissions, resulting in a budget imbalance, which is represented by the
difference between the bottom pink line (reflecting total emissions) and the sum of the ocean, land, and
atmosphere. (Figure from ref. 1, used without changes from original source distributed under the creative
common attribution 4.0 licence, https://essd.copernicus.org/articles/12/3269/2020/).



Table S2.! Decadal mean in the five components of the anthropogenic CO, budget for different periods and the
last year available. All values are in giga tonnes of carbon per year, and uncertainties are reported as =1]. The
table also shows the budget imbalance (BIM), which provides a measure of the discrepancies among the nearly

independent estimates and has an uncertainty exceeding £1 GtC yr'!'. A positive imbalance means the emissions
are overestimated and/or the sinks are too small. All values are rounded to the nearest 0.1 GtC and therefore
columns do not necessarily add to zero (Table from ref. 1, used without changes from original source distributed

under the creative common attribution 4.0 licence, https://essd.copernicus.org/articles/12/3269/2020/).

Mean GtCyr! 1960- 1970- 1980- 1990- 2000- 2009-2019 2019
1969 1979 1989 1999 2009

Total emissions

(Eros + ELuc)

Fossil CO; 30£02 47+02 54+03 63+£03 77+£04 94+0.5 9.7+0.5

emissions (Err)

Land use change 1.5+0.7 13+0.7 13+0.7 14+0.7 14+0.7 1.6+0.7 1.8+0.7

CO; emissions

(ELuc)

Total emissions 45+0.7 59+07 67+£08 76+08 9.1+08 109+£09 11.5+09

Partitioning

Growth rate in 1.8+ 2.8+ 34+ 32+ 4.1+ 51+£002 51+£0.2

atmospheric CO; 0.07 0.07 0.02 0.02 0.02

concentration

(Gatm)

Ocean sink 1.0+£06 13+04 17+£04 20+£05 21+£06 25+0.6 2.6 +0.6

(Sockan)

Terrestrial sink 1.3+04 21+£04 20+£0.7 26+£07 29+£06 34+0.9 3.1+1.2

(SranD)

Budget imbalance

BIM = Eroc + 0.5 -0.2 -0.4 0.1 0 -0.1 0.3

Evruc — (Gatm +
Socean + Spanp)




Section S2. The Calvin Cycle.’

The catalytic cycle is initiated by Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase (Rubisco)
enzyme that fixes CO> into ribulose-1,5-disphosphate (the CO»-acceptor) with formation of two mol of
3-phosphoglycerate. The latter is further converted into glyceraldeide-3-phosphate and, subsequently,
in ribulose-5-phosphate and ribulose-1,5-disphosphate, with regeneration of the CO-acceptor.

The neat overall reaction is the well-known Eq. 2 with production of carbohydrates.

CO2 +4H +n ATP = (CH20) + H,0 + nADP + nPi Eq. 2
CIJHZOH
5 x Glyceraldehyde | Glyceraldehyde
;i 3-phosphat 3-phosphate
CHOH
|
CH,0P
3 x Ribulose-5-phosphate
6 ADP +6 P
3 ATP @
6 NADPH 6 ATP
¥ CH,0® o
[ CHOH
C=0 | -
| CH,0P®
?HOH
(]JHOH @ 6 x 3-Phosphoglycerate
CH,0® @
3 x Ribulose
1,5-bisphosphate

3H,0

Scheme S1. A schematic representation of the Calvin-Benson-Bassham (CBB) cycle active in photosynthetic
organisms. (Scheme S1 from ref. 9, used by permission of John Wiley and Sons (copyright 2010).



Section S3. Diagram showing the secondary structure elements of the large subunit of Rubisco
from spinach.'”
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Scheme S2. Connectivity diagram showing the secondary structure of the large subunit of Rubisco. Rectangles
indicate o-helices, arrows indicate B-strands; numbering of helices and strands follows Knight et al. (1990).
Helices, strands and amino acid residues are numbered according to Knight and co-workers (Knight 1990).
Numbers indicate amino acids included in helices or strands. Only some of the C-terminal and N-terminal loops
are labeled. (Scheme S2 from ref. 10, used by permission of John Wiley and Sons (copyright 1997).



Section S4. Primary and secondary structure elements of the S subunit from several organisms.'!

The secondary structure elements of the S subunit are the following:

oA — BA — BABB loop B —aB - BC — D —BE — BF

11? 39 49 59 E? ?q 3?
CR MMVWTPYNNKMFETF AEADKAYVSNESH IRFGSVSELNYDN M
S0 MOVWPILNLKKYETL ET DHGFVYREHHN SPEYYDGRY M
NT MOVWPPINKKKYETL LLENGWWRCLBFET EHGFVYRENNK SPGYYDGRY M
Ps MOVWPPIGKKKFETL LLRKGWVPCLEFEL EKGFVYREHNK SEGYYDGR M
SY MSMKTLP KERRFEWF EQGFHPLIBFNE HSNPE L
AB MOTLP KERRYETLEY ] ILSOGYIPAVEFNE VSEFT L
AE LHNOGWAVGLEYTD DPHFR M
GFP ISKKLAIGTEYTN DIHPR L
9? 1?0 1Im 1%1:1 1%0 1x|10 1%0 1t|ar::
CR GCROPHOVLRBIVACTRAF FDAYVRLVAFDNG KOQVOQIMGFLVQRPK TARDFQPANKRSY
50 GCTDPAQVLNELEECKKEYPNAFIRIIGFDSN REVOQCISFIAYKPA GY
NT GCTDATOVLABVEEAKKAYPQAWIRIIGFDNY RQWQCISFIAYKPE GY
Ps GTTDASOVLEELDEVVAAYPOAFVRIIGFDNY ROVWQCISFIAHTPE SY
SY DCKSPQOVLDEVRECRSEYGDCYIRVAGEDNI  KQCATVSFIVHREG R
AB GAKTSREW OSCRSOYPGHYIRVVGFONL KQCQILSFIVHKPS RY
AE DLRDAAGILMEINNARNTFPNHY IRVTAFDSTHTVESVWMSFIVNRPA DEPGFRLVROEEPGRTLRYSIESYAVQARPEGSRY
GP DVTDRPAAVLFEINACRKARSNFY IKVVGISSVRGIESTIISFIVNRPK HEPGFMLMRQEDKSRSIKYTIHSY ESYKPEDERY

Figure S2 Small subunit sequences aligned according to Rubisco x-ray crystal structures. The sequences are
from C. reinhardtii (CR), Spinacea oleracea (SO), Nicotiana tabacum (NT), Pisum sativum (PS), Synechococcus
(SY), Anabaena (AB), Alcaligenes eutrophus (AE), and Galdieria partita (GP). Residues that comprise o-
helixes A and B are colored dark gray, and those that comprise -strands A through F are colored light gray.
(Figure S2 from ref. 11, used without changes from original source distributed under the CC-BY licence,
https://www.sciencedirect.com/science/article/pii/S0021925820380650?via%3Dihub).
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Figure S3'' Ribbon representation of the secondary structure elements of S subunit of Chlamydomonas Rubisco
(Protein Data Bank code 1GKS, evidenced in orange color ) as plotted from the x-ray crystal structure deposited
at PDB. Secondary structure elements of the L subunit functionally related to the S subunit are evidenced in
green and yellow color. Residues conserved in greater than 95% of all known small subunit sequences are
colored red. ((Figure S3 from ref. 11, used without changes from original source distributed under the CC-BY
licence, https://www.sciencedirect.com/science/article/pii/S0021925820380650?via%3Dihub).



Section 5. Cumulative COz and O: density around the active site of Rubisco as modelled by M.
Van Lun et al, 2014.!2
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Figure S4. Cumulative CO, and O, density around the active site of Rubisco. (a) Hexadecameric enzyme (C.
reinhardtii Rubisco closed complex, PDB code 1gk8) with large subunits in blue and small subunits in orange.
The highest density of CO, after 20 ns simulation is shown as a green smooth surface. (b) Close-up around the
active site with residues from large (blue) and small (orange) subunits

represented as a mesh. CO; density in green has a direct connection between the large and small subunits that

may aid in attracting and guiding CO» toward the active site. The active site area (circled in red) is covered by
flexible loops. (c¢) Cumulative O density (red) after 20 ns simulation. The orientation is the same as in (b), and
the simulation was run at the same concentration as for CO». (Figure S4 from ref. 12, used by permission of
America Chemical Society (copyright 2014).
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Section S6. Multistep mechanism for the Rubisco carboxylation and oxygenation reactions
including microscopic rate constants associated to each elementary step as proposed by Cummins
and Gready in 2018."°
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Figure S5. The mechanism of RuBP enolization (central steps), with description of the RuBP complete
oxygenation (lefts side) and complete carboxylation (right side) reactions following the nomenclature of
Cummins et al. 2018. (Figure taken from Ref. 19)

E denotes Rubisco in the active state (mentioned as ECM complex in Fig. 4)

ER denotes the Lys-COOMg?*-RuBP complex (mentioned as ECMR in Fig. 4)

ER* denotes the Lys-COOMg?**-RuBP* complex after RuBP enolization.

Carboxylation reaction (right side).

ERC the complex formed after CO; bind the ER* complex.

EP state: hydration and cleavage of the ERC complex leads to the formation of two enzyme-bound 3-
phosphoglycerate molecules (3PG) in the EP state, each of which have 3 carbon atoms.

Release of two 3PG from the EP state.

Oxygenation reaction (left side).

ERO the complex formed after O, binding to the ER* complex.

EX state: hydration and cleavage of the ERO complex produces enzyme-bound 3PG and one
2-phosphoglycolate (2PG). 2PG has two carbon atoms and is not part of the CBB cycle.
Release of 3PG and 2PG from the EX state.

(Figure S5 from ref. 13, used without changes from original source distributed under the CC-BY licence,
https://www.frontiersin.org/articles/10.3389/fpls.2018.00183/full)
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Table S3. Definition of Rubisco Kinetic parameters (according to Milo, 2019).'4

The carboxylation reaction displays effective Michaelis—Menten kinetics (maximum catalytic rate
kear,c, half-maximum COs concentration Km = Kc).2°

The oxygenation reaction also displays effective Michaelis—Menten kinetics (kcar,0, Km = Ko, half-
maximum inhibitory CO; concentration K; = Kc).

kcat, C

Is the maximum rate per-active site carboxylation rate
(also named turnover number) defined as:

mol of CO; fixed into products/mol of active sites s
(measured in units of s™!)

or

number of CO> molecules fixed into products/active site
.

kcat, 0]

Is the maximum rate per-active site oxygenation rate
(also named turnover number) defined as:

mol of O fixed into products /mol of active sites s
(measured in units of s™!).

or

number of O molecules fixed into products/active site s.

Kc

Effective Michaelis constant (half-saturation
concentrations in uM units) for CO»

Ko

Effective Michaelis constant (half-saturation
concentrations in uM units) for O

kcat,C
Ke . Ke [CO,]

1+

[CO,] Ko/ [05]

Rc is the per-active site rate of carboxylation at
saturating RuBP with competitive inhibition by O»
(assuming half-maximum inhibitory O, concentration Ki
= Ko).

Rc is strongly influenced by [COz] and [O-] at the
Rubisco active site.

Rates of carboxylation (Rc) are calculated from kinetic
parameters and the CO2 and O: concentrations.

12



k cat,0

A
o]
]

Ko Ko [O2]
— +

[O2] K /[CO

7

Ro is the per-active site rate of oxygenation.at saturating
RuBP with competitive inhibition by CO2 (asuming half-
maximum inhibitory CO: concentration Kj = Kc).

Ro is strongly influenced by [COz] and [O:] at the
Rubisco active site.

Rates of oxygenation (Ro) are calculated from kinetic
parameters and the CO2 and O: concentrations.

kcat, C/ KC

Catalytic efficiency for carboxylation.

Can be viewed as the rate of productive capture of the
substrate (i.e. leading to complete catalysis) (non so bad)

kcat, O/ KO

Catalytic efficiency for oxygenation.

Can be viewed as the rate of productive capture of the
substrate (i.e. leading to complete catalysis). (non so bad)

Vc

When RuBP is saturating, per-active site enzyme rates
can be multiplied by the concentration of active Rubisco
([E]) to calculate the total rates of carboxylation Vc.

Ve = kcat,C [E]

When RuBP is saturating, per-active site enzyme rates
can be multiplied by the concentration of active Rubisco
([E]) to calculate the total rates of carboxylation Vo.

Vo= kcat,O [E]

By definition:

Scio

1}

o
>

3 |8
Ie)
v
\

P
=

Sc/o is the specificity factor
Unitless measure of the Rubisco relative preference for
COz over Oz

Re
Ro

n
)

Q

O

To measure Sc/o, the rate of Oz and CO» incorporation
are measured simultaneously in the same sealed assay
vessel. Plotting Rc /Ro against [CO2]/[O2] gives Scio as
the slope of linear fit passing through Rc/Ro = 0.

According to the previous equation after measuring Sc/o
and k. c it can be calculated kcqr0.
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