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Carbonic acid H,CO3 (CA) is a key constituent of the universal CA/
bicarbonate/CO, buffer maintaining the pH of both blood and the
oceans. Here we demonstrate the ability of intact CA to quantita-
tively protonate bases with biologically-relevant pK,s and argue
that CA has a previously unappreciated function as a major source
of protons in blood plasma. We determine with high precision the
temperature dependence of pK,(CA), pK,(T) = —373.604 + 16,500/T +
56.478 In T. At physiological-like conditions pK,(CA) = 3.45 (I =
0.15 M, 37 °C), making CA stronger than lactic acid. We further
demonstrate experimentally that CA decomposition to H,O and
CO, does not impair its ability to act as an ordinary carboxylic acid
and to efficiently protonate physiological-like bases. The conse-
quences of this conclusion are far reaching for human physiol-
ogy and marine biology. While CA is somewhat less reactive than
(H+)aq, it is more than 1 order of magnitude more abundant than
(H")aq in the blood plasma and in the oceans. In particular, CA is
about 70x more abundant than (H*).q in the blood plasma, where
we argue that its overall protonation efficiency is 10 to 20x greater
than that of (H").q, often considered to be the major protonating
agent there. CA should thus function as a major source for fast
in vivo acid-base reactivity in the blood plasma, possibly pene-
trating intact into membranes and significantly helping to com-
pensate for (H*),4's kinetic deficiency in sustaining the large
proton fluxes that are vital for metabolic processes and rapid
enzymatic reactions.

carbonic acid | protonation | blood plasma | biological

he idea of biological reactivity driven and regulated by en-

zymes and specific reactions of designed biological molecules
has played a major role in biochemistry’s development (1, 2).
But, this perspective can overshadow important aspects of bio-
chemical processes driven nonspecifically in the physiological
environment such as reactions driven by a concentration gradi-
ent. A particular instance is the protonation reactions of bases or
basic groups driven by largely homogeneous populations of either
aqueous protons (H"),q (3, 4) or mobile acids such as those par-
ticipating in the physiological buffer system (5, 6). Here we argue—
based on experimental observations described within—that a key
role in this connection is played by a previously unappreciated
major proton source: carbonic acid (CA) H,COj;. In particular, we
focus on the protonation of biorelevant bases B by CA

kOn
B+H,CO; 2 H'B + HCO3, [1]
Kot

where HCOj;™ is the bicarbonate anion (the rate constants here
will be discussed within). While it deals with experiments on CA
in aqueous solution, this paper focuses on the issue of the sig-
nificance of CA in the blood plasma.

CA is an invariable constituent of the universal H,COs/
HCO;7/CO, buffer (“the CA buffer”) which helps maintain the
pH of both the blood plasma (7-9) and the earth’s seas and
oceans (10-15). The CA buffer constitutes about 83% of blood

Www.pnas.org/cgi/doi/10.,1073/pnas.1909498116

plasma’s buffer capacity and about 53% of the whole blood ca-
pacity (16, 17) and, as the blood’s “front-line” buffer, is extremely
important for human physiology (7, 8). It is regulated in the body by
one of nature’s most efficient enzymes, carbonic anhydrase (18, 19).
It is crucial that the very large HCO;™ concentration (26 through
28 mM) (1, 2, 7-9) in equilibrium with CA makes CA a permanent
factor in the plasma, with an equilibrium 2-3 pM concentration,
about 70x larger than [H'],q Finally, the CA buffer is a critical
respiratory system component, responsible for CO, transport across
membranes (5, 6, 9, 20, 21).

CA’s chemistry is dominated by its spontaneous breakdown
(22) in bulk water into CO, and H,O

kdc
H,CO; 2 H,0+ CO,, [2]
kca

with a first-order decomposition reaction rate constant ky. [cor-
responding to a decomposition lifetime t4. = 1/kg. of about 60
ms (20 °C)], which is about 300x larger than the pseudo-first-
order back-hydration rate constant kca (23-28). CA decomposes
via a proton chain mechanism in aqueous solution—and even in
the gas phase in the presence of a single water molecule (29-34).

The reverse reaction in Eq. 2—CO, reacting with water to form
H,CO3z;—is bimolecular, dependent on the CO, concentration,
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and is the cause of CA’s small equilibrium concentration in
aqueous solution. CA’s aqueous solutions are slightly acidic
through the CA reversible proton dissociation reaction

Kais(ca)

H,CO; = (HJ’)aq + HCO3. [3]
Kp(Be)

Here Kgisca) is CA’s overall acid dissociation rate constant and
kpc) is the diffusion-limited rate constant of the back proton-
ation of HCO;™ to reform CA (23-26). In physiological systems,
Kgiscca) and kpesc) depend on the particular environment, with
CA’s equilibrium constant Kd(CA) = kdis(CA)/kD(BC)' (In the
blood, the carbonic anhydrase enzyme likely accelerates regen-
eration of CA (18, 19), otherwise regenerated via uncatalyzed
reaction (2) and protonation of HCO;~, Eq. 3). The enzyme
carbonic anhydrase just mentioned catalyzes Eq. 2 reactions with
very high turnover of 10* to 10® CO, molecules per second (21).
It thereby helps regulate the blood plasma’s pH and CA levels,
and—with the very large HCO;™ concentration (26 through
28 mM) (1, 2, 7-9) in equilibrium with CA—makes the CA
concentration an undiminished permanent factor in the blood
plasma with a 2 to 3-pM equilibrium concentration.

In the context of human physiology, the importance of re-
solving the physiological role of CA stems from this relatively
high steady-state concentration of CA, which is about 70x larger
than that of (H"),q (7, 8), its potential considerable reactivity as
a moderately strong carboxylic acid, and from the physiological
demand for fast in vivo acid-base reactivity. In particular, this
demand is absolutely vital to sustain life processes, but it appears
to be inconsistent both with the hydrated proton’s diminished
concentration, [(H"),q] = 40 nM in the blood plasma (7, 8), and
with (H").q’s reduced diffusivity in biological environments due
to impairment of the Grotthuss proton transport mechanism by
various hydrophobic entities (35).

In order to demonstrate that CA’s presence significantly eases
this problem, we must first determine whether CA’s instability
fatally compromises—as traditionally thought—its chemical re-
activity as a sufficiently strong acid of considerable protonation
ability. We will argue within that CA’s acid-base reactivity Eq. 1
is not so compromised. The main question here is whether CA is
capable of protonating bases by one or both of the standard
carboxylic acid—protonation mechanistic routes (discussed within)
(36-39), or instead decomposes to H,O and CO,, either via Eq. 2
(23-26) or via a base-catalyzed variant

kic
B+H,CO; 2 B+ CO;+H,0, [4]
kca

in which maximum value of k;. is reached when the reaction is
assumed to be diffusion-controlled, ki = kp(g) (36-39). Return-
ing to Eq. 1, it is essential for the physiological problem’s solu-
tion that we will address it via the determination of how
efficiently CA protonates bases—if CA acts like a standard
Brgnsted acid (40), i.e., via standard protonation routes men-
tioned above—and if that protonation is sufficiently rapid to
supply protons on typical relevant biological timescales.

In the remainder of the paper, we first establish that CA be-
haves thermodynamically, vis-a-vis its acid equilibrium constant,
like any ordinary carboxylic acid such as acetic and formic acids
(40). We then demonstrate and analyze CA’s kinetic ability to
protonate physiological-like bases, and in particular that this
protonation dominates decomposition to H,O and CO,. Finally,
we analyze the protonation by CA’s reaction kinetic mechanisms
associated with Eq. 1 and demonstrate that this must in fact
be much more efficient—and hence much more physiologically

20838 | www.pnas.org/cgi/doi/10.1073/pnas. 1909498116

important—than protonation by (H"),q. With these results, we
offer a solution for the above-mentioned major physiological
conundrum of the kinetic “deficiency” of (H"),q (7, 8).

Results and Discussion

CA pK, Temperature Dependence. To establish that CA behaves as
an ordinary protonating (Brgnsted) carboxylic acid in a ther-
modynamic perspective, we determine its pK, temperature de-
pendence. The 20 °C value pK’, of intact CA in equilibrium with its
HCO;™ deprotonated form has been recently determined to be
about 3.5 (41, 42) at zero ionic strength I = 0 and—as we now
report—is about 3.6 (I = 0) at the physiologically important 37 °C, cf.
Fig. 1. The reported data are obtained via temperature-dependent
stopped-flow experiments (SI Appendix, section S7 and Fig. S4).

These key data provide the acid dissociation’s important
thermodynamic enthalpy and entropy parameters AH and AS,
related to K, via (43)

dinK, AH

AG= —RTana, dT = W,

[5]

with R the gas constant and T the temperature in K at 1 bar pressure.
The data in Fig. 1 are well fit by

pK, (T) =-373.604 + 16,500/T + 56.478 InT, [6]

which allows an excellent estimation of pK, (CA) in the full
physiological range of body temperatures from extreme hypo-
thermia to extreme hyperthermia conditions (about 25 to
44 °C) (44-49). Further, Eqgs. 5 and 6 provide the CA dissocia-
tion reaction’s standard enthalpy and entropy change at 25 °C
as —1.5 kcal/mol and —21.2 cal/mol/K, respectively. All of this
classes CA as an ordinarily behaved carboxylic acid such as acetic
and formic acids: as do they, CA shows a pK, minimum about
room temperature, in the CA case at 19 °C = 3.51 + 0.02 and
exhibits small enthalpy AH® and large entropy AS® changes upon

3.68 1 /

3.64

pPKg

3.60 -
\}
i /
/7
35641 }/
1 7

3.52 4
T T T T T T T T T T
5 10 15 20 25 30 35 40 45
t(°C)
Fig. 1. Temperature dependence of the pK, of CA. CA’s pK, was measured

in the 5 to 37 °C range using a 1-stage stopped-flow arrangement (27) (S/
Appendix, Fig. S4) with CA generated within about 1 ms by mixing equal
amounts of sodium bicarbonate (NaHCOs3) and hydrochloric acid (HCl). The
solution’s pH was determined by the absorption change of 2,4-dinitrophenol
(DNP) (pK, = 4.07 + 0.02 at 20 °C), with its value’s T dependence accurately
known (44). Points are the averaged pK, values of at least 5 independent
experiments; the solid line is the fit to Eq. 6. pK, values were found (S/
Appendix, Eq. S7.1) and then extrapolated to | = 0. Error bars directly de-
termined from the experimental result’s total spread are +0.02 pK, units.
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proton dissociation (44-49). Our measurements give CA’s disso-
ciation free energy AG® = AH® — TAS® = —1.5 kcal + 6.3 kcal =
4.8 keal at T = 298 K [pK,(CA) = 3.52 + 0.02 at 25 °C]; it is
noteworthy that AG® (CA) is dominated by the TAS® contribu-
tion, another similarity to the stable carboxylic acids (44-49). In
conclusion, in this thermodynamic perspective, CA behaves just
like an ordinary carboxylic acid.

Well-known empirical thermodynamic-kinetics correlations
(41, 42, 50-53) would strongly suggest, given the above ther-
modynamic results, that CA also behaves kinetically as a stan-
dard carboxylic acid. But, the experimental kinetic character of
CA’s base protonation ability is in fact currently unknown, and
thus requires it be determined, as we now report.

Testing the Kinetic Viability of CA as a Protonating Agent. We now
turn to the required experimental test of whether—in accor-
dance with its substantial acidity predicted by its thermodynamic
K., value—CA kinetically protonates bases via Eq. 1 involving the
rate constants k., and kog (SI Appendix, Eqs. S3.1-S3.3) for
overall base protonation by intact CA and the deprotonation of
BH* by HCO;™, respectively.

For this purpose, we selected 2 oxygen bases with structures
and pK,s relevant to biological systems: the HPTS base 8-
hydroxy-1,3,6-trisulfonate anion, and the 1N4S base 1-naphthol-
4-sulfonate anion. The pK®,s (I = 0) of these 2 bases’ conjugate
Bronsted acids (H*Bs) are 7.95 and 8.2, respectively (54, 55).
HPTS and 1N4S have basicity similar to that of many important
physiological bases such the amine groups in small peptides, the
hydroxyl group in tyrosine, and the imine group in histidine, whose
conjugate acids’ pK°,s all fall in the range of 8 + 2 (56). This range
makes all these bases’ conjugate acidity at least 3 pK, units weaker
than CA’s, which indicates (vide infra) that their protonation by
CA should be fast, approaching the diffusion limit.

Turning to the actual experiments, we have conducted
stopped-flow experiments utilizing a 2-stage rapid mixing pro-
cedure. In the first cell, CA was generated by a rapid quantitative
acidification by HCI of a prechosen fraction of the bicarbonate
anion HCO;™ concentration, generating the bicarbonate/CA
buffer solution at the desired composition. Following a variable
incubation (waiting) time t;,. during which a CA partial loss
occurs via the spontaneous decomposition Eq. 2, the resulting
CA solution was mixed in the second cell with the base solution,
allowing CA’s protonation. Fig. 2 shows the protonated base
fraction versus Tipc.

For each base B in Fig. 2, the measured protonated base B"H
concentration decreases with a time constant practically equal to
that of the independently measured decomposition lifetime of
CA (Eq. 2). Thus, the extent of progress of the bases’ pro-
tonation yields appears to depend solely on the incubation time
of CA, which in turn determines the amount of intact CA left at
the time of mixing with the base solution. The behavior of the
protonated base concentration’s reduction with longer in-
cubation time in Fig. 2 directly reflects CA’s prior decay via Eq. 2
unaltered by any further kinetic process. This observation leads
to an important conclusion: CA’s protonation of the base pro-
ceeds without any CA concentration decomposition loss beyond
that which occurred during the incubation time.

The conclusion just stated also implies that the CA’s base
protonations’ timescale is much shorter than CA’s time for
decomposition—occurring within the mixing time of the stopped-
flow apparatus of about 1 ms—the central conclusion; thus the
protonation reaction occurs practically instantaneously com-
pared to both the decomposition and mixing timescales. This is
confirmed by the full numerical solutions of the rate equations
for the kinetic scheme for CA’s time development. This scheme
accounts for all our report’s reactions, and is numerically solved
for the aqueous solution concentrations of the key species
H,CO3, HCO;~, H*, and B; it includes reaction Eqs 2 and 4 as

Aminov et al.

= HPTS anion @ 20°C

e 1N4S anion @ 5°C

Fraction of protonated base

0.0 T T
0 200

400 800

Incubation time (ms)

Fig. 2. Fraction of protonated base (anions of HPTS and 1NS4) versus in-
cubation time t,.. Time dependence of the experimentally observed frac-
tions (points) of the anionic bases HPTS and 1NS4 protonated by CA vs. the
incubation time i, the time elapsed from the moment CA was generated
by HCl-bicarbonate reaction until it is mixed (duration tx until the solution
is homogeneous) with the base solution (see Methods for experimental
setup description). During incubation, the CA concentration decreases con-
tinuously with a temperature-dependent exponential lifetime 4. (solid and
dashed lines) due to its spontaneous decomposition via Eq. 2. ty4c is in-
dependently determined to be on the 10s of milliseconds timescale by standard
stopped-flow experiments (S/ Appendix, Fig. S4) (27, 28). The protonated base
fraction decreases with increased T, because of CA’s spontaneous de-
composition. Protonation is evidently spontaneous and much faster than T
and 1y, timescales (see text).

well as those for the 2 CA protonation mechanisms mentioned in
the Introduction.

As part of this full kinetic scheme we analyze the overall
protonation reaction by CA Eq. 1 in terms of 2 standard pro-
tonation routes. The first is a direct protonation route Ry, with
contact protonation occurring according to (36-39)

kp(s) «
H,CO;+B = [B~H,COs],>H'B + HCO;,  [7]
ks

which includes diffusive complex formation/dissociation prior to
the protonation step. kpg) are the reactants’ diffusion-limited
rate constants and kg is the diffusion-limited rate constant for
separating the products from contact to bulk. k;, is the rate con-
stant for the unimolecular (contact) protonation. We estimate its
magnitude from free-energy correlations; see SI Appendix for
details [the very slow back-protonation of bicarbonate anion to
reform CA is neglected (26)]. Ry is the main base protonation
route for bimolecular protonation by weak acids, whose acid
dissociation rate is not large compared to their bimolecular
base-encounter rate.

The standard second pathway is an indirect protonation route
R;, in which the acid first dissociates to produce a hydrated
proton (H"),q, which then protonates the base (36-39)

Kais(ca) kp(us)
H,CO; +B = (H'), +B+HCO; = HCO; +H'B,
Kp(so) Kais(t)

(8]

with kppc)y and kgisca) defined as in Eq. 3. This route involves
the diffusive recombination of ions to reform CA and the
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diffusive base-aqueous proton encounter to form H*B. In Eq. 8,
Kgiscrm) is the H*B’s acid dissociation rate constant and kps) is
the diffusion-limited rate constant of the back protonation of B
to reform H*B. R; is the main protonation route for strong, i.e.,
readily dissociating, acids.

Generation of Kinetic Plots in Fig. 3. We now ask—in connection
with our experimental results for CA’s protonation viability
shown in Fig. 2—which of CA’s 2 protonation routes—direct Ry
or indirect Ri—is more important. We also check the possibility
of the base catalyzing the decomposition of CA before it is able
to protonate the base, the R;. route with the k;. second-order
reaction rate constant (compare Eq. 4). This is accomplished by
numerically solving the following set of rate equations covering
the CA-base kinetic scheme described above:

d[HzCO}]/d[ = —kon [HzCO;} [B] +k(,f]'f [HCOg_] [H+B] +kD(BC)
[HCO3™|[H )~k is(c) [H2CO3)~kic [H2CO3] [Bl—k 4 [H2CO3)
d [HCO3_} /dt =konH,CO3][Bl~koy [HCOs) [H+B]_kD(BC)

[HCO3™|[H™] + kgisca) [H2CO5]
d[H+]/dt = _kD(HB) [Hﬂ [B] + kdis(HB) [H+B}_kD(BC) [HCO3_} [Hﬂ
+kis(ca) [H2COs]
d[B]/dl=—kon [H2C03] [B] +kdis(HB) [H+B] +koff [HCO';_} [H+B}
~kp(tp) [H"|[B]

91
(We have neglected the reaction CO, + OH™ 2 HCO;™ since

the OH™ concentration will be negligible in the strongly acidic
pH ~3.5 experimental solutions.)

4x107°
3x107
s . ; .
O 2x107 1 K 1N4S protonated base @ 5°C
;
;
IR
1x10 1 R,only with CA decomposing upon an encounter
s protonation by [H*]:Z only
0 T T T T T

0.0 0.5 1.0 1.5 2.0 25 3.0
Time (us)

Fig. 3. Calculated kinetic profiles of the rise of the absorption of pro-
tonated 1N4S base via the numerical solution of Eq. 9. The simulated kinetic
profiles are compared with the experimental absorption signal of 3.7 mM
1N4S after mixing with 1:1 3.5 mM buffer solution of CA/HCO™3. Red arrow:
the stopped-flow experiment’s observed protonated base concentration
after mixing with CA. The arrow also marks the predicted protonated base’s
concentration assuming full quantitative protonation by CA. Solid line: Both
R4 (Eq. 7) and R; routes (Eq. 8) of the base protonation are active. Dotted
line: Protonation by (H"),q without participation of any CA protonation re-
actions. The indirect protonation via (H"),q is treated as diffusion-limited (S/
Appendix, section S4). Dashed line: assuming that CA indirectly, but not di-
rectly, protonates the base and decomposes upon encountering a base mol-
ecule according to Eq. 4. Dot-dot-dashed line: assuming only the indirect
protonation route R;. Short-dashed line: solution assuming only the direct
protonation route R this is almost indistinguishable from the solid line where
both CA’s direct and indirect protonation routes Ry and R; are active. Similar
analysis and conclusions apply for the HPTS base (SI Appendix, section S3).

20840 | www.pnas.org/cgi/doi/10.1073/pnas. 1909498116

For the various rate constants in this reaction listing, the
diffusion-controlled rate constants kpg), kpsc), kpas) and the
rate constants Koy, Kaiscca), and kgigrpy for the direct route pa-
rameters and for the indirect route parameters are available (S
Appendix, Tables S1 and S2, respectively). The unimolecular rate
constants’ values for CA decomposition to H,O and CO, are kg
(20 °C) = 19.5 s and kg(5 °C) = 5.5 s7', determined in-
dependently by conventional 1-stage stopped-flow experiments
(SI Appendix, section S7).

The first conclusion is that, as noted above, the full numerical
solutions of the kinetic scheme rate Eq. 9 set confirm the con-
clusions we previously reached for Fig. 2. The detailed mecha-
nistic question requires a bit more analysis. The relatively long
timescale of the Fig. 2 experiments cannot directly provide the
reaction mechanisms for the too-rapid protonation time de-
pendence; nonetheless, our kinetic scheme provides such mecha-
nistic information by comparing the scheme’s predictions for the
limiting protonated base concentration value reached in the ex-
periments. The detailed kinetic protonation profile results for
assorted mechanistic possibilities displayed in Fig. 3 for the 14NS
base [and also for the HPTS base (SI Appendix, Fig. S3)] show by
this comparison (compare the red arrow in Fig. 3) that the direct
protonation route R4 dominates the protonation reaction, and—
more generally and importantly—that the base protonation by
CA must be fast compared to the decomposition to H;O and
CO,, Eq. 2—which can be neglected—and further, that there is
negligible base-induced decomposition via Eq. 4.

Fig. 3 contains even further information concerning CA’s
protonation ability and mechanisms. We first note that the Fig. 2
experimental protonation yield (with respect to intact CA’s ini-
tial concentration) approaches 100%; thus, practically all of the
CA acidic protons were transferred to the base, quantitatively
protonating it. As mentioned above, the Fig. 3 calculations show
that the direct protonation Ry route largely dominates over the
indirect protonation route R; assuming Ry is diffusion-limited),
consistent with the behavior of any Brgnsted acid of CA strength
protonating a strong base. This domination means that under
Fig. 2’s conditions, the intact CA-base encounter is much faster
than the encounter between the base and those (H*),q protons
generated by CA dissociation. It further means that CA’s direct
protonation of the base largely precedes its proton dissociation,
Eq. 3; thus, the important conclusion is that most protonation
reactions in our experiments have occurred by intact CA.

Fig. 3 displays other reaction possibilities. In the more sig-
nificant one of these, we consider the potential “short circuiting”
of Ry by the CA-B encounter route Eq. 4, where intact CA does
not protonate the base, and the encounter instead results in CA
decomposing to CO, and H,O. Fig. 3 indicates that this mech-
anism may only account for about 17% of the observed pro-
tonation yield. In view of this and the remaining Fig. 3
calculation results, as well as the discussion of the experimental
Fig. 2, we can conclude that it is highly unlikely that CA ap-
preciably decomposes as a result of encountering a base.

It is worth mentioning that our CA protonation rate constant
observations are in complete harmony with our detailed ab initio
CA protonation reaction mechanism, which predicts ultrafast
protonation rates of strong nitrogen bases without any base-
induced CA decomposition (57, 58). Specifically, Car—Parrinello
molecular dynamics simulations in an aqueous environment
demonstrated that CA’s protonation of methylamine base
CH;3NH, within a hydrogen (H)-bonded complex occurs ex-
tremely rapidly: The path for the practically barrierless PT from
CA to methylamine within such a complex was fully mapped and
the computed extremely short timescale (33—75 fs) protonation
occurred without CA decomposition. The PT process is strongly
downhill in free-energy character (ApK, ~ 7), consistent with the
current assessments of the pK, values of 3.5 (42) and 10.6 for CA
and protonated methylamine, respectively (57, 58). Further, in
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Fig. 4. Transient protonation profiles of a histidine-like base (59) B [pK,
(H*B) = 6.0] in the presence of the CA/bicarbonate buffer. The 2 protonation
reaction profiles are for the direct protonation reaction Rq by CA, H,CO3 + B —
HCOs™ + H*B and for protonation by the equilibrium (H*).q protons, (H*).q +
B — HT'B, assuming unidirectional protonation (since on the low-
microsecond timescale the opposite reactions are not significant). Calculated
using kpg = 3x 10° M's™" and kpme = 1.5 x 10" M7's7", for the
physiological-like conditions pH = 7.4, [HCO37] = 25 mM, [H,CO3] = 2.6 pM,
and [B] = 10 nM. Profiles are displayed only up to the time that the pro-
tonated base reaches its steady-state concentration at the physiological pH =
7.4. The initial direct protonation rate by the CA buffer is about 12x larger
than the initial protonation rate by (H)aq.

additional studies we have found similar PT reaction rates when CA
and the base are bridged by a single H-bonded water molecule.

Relevance for Human Physiology and Marine Biology. The present
experimental studies have substantial relevance for human
physiology, and their consequences are clear. Our findings,
supported by previous theoretical results, demonstrate that in-
tact CA is an efficient protonation agent and unequivocally
justify the inclusion of CA as a key factor in the physiological
“bookkeeping” of available protons in the blood plasma acting as
an essential (reversible) part of the bicarbonate/CO, buffer. This
inclusion of intact CA as an important physiological ingredient in
the bicarbonate/CO, buffer addresses the important physiologi-
cal problem described in the Introduction: it enables the signif-
icant bridging of the reactivity gap between the fast protonation
rates needed to maintain many physiological processes and the
insufficient supply of hydrated protons present at the normal
physiological pH = 7.4.

Our results indicate that maintenance of the CA concentration
within the normal physiological 2-3-pm range is sufficient for
CA—either directly or nondirectly (by H" generated by CA’s
dissociative PT to the water solvent)—to perform several key
functions. CA will not only assist maintaining the physiological
pH balance; it will also directly protonate practically any nearby
physiological base (either neutral or negatively charged) which
requires transient protonation in order to effect its biological
activity. In this connection, Fig. 4 displays—using the model
reaction scheme equations described in its legend—the non-
enzymatic protonation of a histidine-like residue by either the
steady-state concentration of (H"),q in physiological-like condi-
tions or directly by intact CA. [Histidine residues serve as proton
“antennas” in biological environment, collecting protons and
then transferring them to a reaction center; compare His-64 in
the carbonic anhydrase complex (59).] Although the actual
protonation rates will be affected by the specific local conditions

Aminov et al.

of the blood plasma, there is a clear message of Fig. 4: that
protonation by intact CA is much faster than protonation by
(H")aq and, in consequence, that efficiently fast protonation
reactions in biological environments are not necessarily enzy-
matic. This last conclusion does not follow for protonation solely
by (H*),q, which at its physiological steady-state concentration of
4 x 10~® M will have typical protonation times in the millisecond
range.

The situation is similar for marine biology. In the oceans, the
pH is even higher than in the blood, about 8.05 compared to
7.40, and the bicarbonate concentration is also substantial, about
2 mM. Consequently, the CA concentration is 2 to 3 times larger
than [H*],, there and provides the stable pH conditions upon
which most marine life’s well-being depends (10-15). Compre-
hension of intact CA’s chemistry will be necessary to assess the
full impact on marine life of ocean acidification driven by at-
mospheric CO, concentration increase (12, 13). Marine organ-
isms with a calcium skeleton such as corals illustrate the issues
here. Such skeletons structurally weaken when the oceans be-
come more acidic (14, 15). Taking CA into account will ap-
proximately double the ocean acidification effect of (H"),q alone
(15). Such additional contributions of CA will undoubtedly in-
crease the projected negative effect of ocean acidification on
marine life.

Conclusions

The present work indicates that CA is an important factor in the
body’s ability to maintain the large fluxes of protons and high
protonation rates which are absolutely vital to sustain metabolic
life-supporting processes and rapid enzymatic reactions. In par-
ticular, our findings identify CA as a significant source of protons

Cuvette

-—- - - » Detection

HCI NaHCO, Base

Fig. 5. The 2-stage stopped-flow setup used for the determination of CA's
ability to protonate bases as shown in Fig. 2. In the first cell (Top Left), CA
was generated by rapid acidification by HCl of bicarbonate anion HCO;™,
resulting in a buffered solution with known pH. Following a variable in-
cubation (delay) time during which there is a partial loss of CA due to
spontaneous decomposition (Eq. 1), the resulting CA solution was mixed in
the second mixing cell (Right) with the base solution, allowing protonation
of the base by CA. Temperature was controlled to within + 0.1 °C by a
variable-temperature water circulator. The concentration of the protonated
base was measured by absorption spectroscopy.
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readily available for these tasks with high kinetic efficiency. The
nonvanishing presence of this small, mobile (neutral) carboxylic
acid—which is strong enough to rapidly protonate practically
all protonatable basic groups in human blood which then con-
tinue to react in their acid form—should not be ignored or
marginalized.

Our findings also unveil the outstanding advantage of nature’s
choice of the CA bulffer as its leading buffer: Dynamically, CA is
a much stronger acid than all of the secondary buffers in the
blood plasma. As such, CA acts as a fast-release proton storage
with an overall bimolecular protonation rate of typical biological
bases much larger than (H"),q’s. CA has a further advantage: it
would be able to directly protonate weak biological bases such as
histidine [pK, (H*B) = 6.0] that are slow to protonate by sec-
ondary mobile buffers constructed with acids much weaker than
CA; examples include H,PO,~ (pK, = 6.8), peptides, small
proteins with pK,s in the 6 through 9-pK, range, and carboxylate
side groups with typical pK, values of 4 to 6 such as in the im-
portant drug Ibuprofen. Such drug molecules may be transiently
protonated by the stronger CA while diffusing in the blood
plasma (60). Clearly, further investigations are needed to fully
assess CA’s physiological importance. It should be revealing to
determine how CA reacts and protonates biorelevant bases in
environments other than pure water. We expect that in such
environments—especially in aprotic polar ones such as pure
DMSO—CA will become much more stable, with its lifetime
increasing from the millisecond to the second range. In such
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environments CA’s direct protonation efficiency should remain
high. Our preliminary experiments indicate the validity of these
expectations.

Methods

Stopped-flow UV-visible experiments were performed using a BioLogic SFM-
3000 stopped-flow spectrometer (Bio-Logic SA).

The stopped-flow, 2-stage rapid-mixing experimental investigation (Fig. 5)
was carried out as follows. In the apparatus’ first mixing cell, CA was tran-
siently generated by mixing HCl with sodium bicarbonate NaHCO3. The so-
lution in the mixing cell where CA was prepared was incubated and allowed
to fully equilibrate in the mixing cell (1-ms mixing time) for at least 2 ms and
up to 1 s before the intact CA was mixed with, and protonated the base in,
the base solution in the second mixing cell. Longer incubation times resulted
in CA appreciably decomposing to CO, and H,O prior to reacting with the
base: The longer the incubation time, the more the CA’s initial concentration
was reduced by its decomposition in the first mixing stage.

For these 2-stage mixing experiments, the first mixing stage is described in
SI Appendix for the conventional 1-step mixing experiments, while the
second stage involved mixing of CA and 1 of the 2 representative bases, the
HPTS or 1N4S basis. The base’s UV-VIS absorption served as its concentration
indicator. When mixed with the base in the second mixing chamber, the
base protonation reaction was completed practically instantaneously on the
1-ms mixing timescale, and this protonation reaction is governed by the CA
concentration at the time of mixing established by the incubation time in
the first chamber where CA was generated.
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