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The proton is the smallest atomic particle, and in aqueous solution it is the smallest hydrated ion, having only two waters in its first hydration shell. In this article we survey key aspects of the proton in chemistry and biochemistry, starting with the definitions of pH and pKa and their application inside biological cells. This includes an exploration of pH in nanoscale spaces, distinguishing between bulk and interfacial phases. We survey the Eigen and Zundel models of the structure of the hydrated proton, and how these can be used to explain: a) the behavior of protons at the water-hydrophobic interface, and b) the extraordinarily high mobility of protons in bulk water via Grotthuss hopping, and inside proteins via proton wires. Lastly, we survey key aspects of the effect of proton concentration and proton transfer on biochemical reactions including ligand binding and enzyme catalysis, as well as pH effects on biochemical thermodynamics, including the Chemiosmotic Theory. We find, for example, that the spontaneity of ATP hydrolysis at pH ≥ 7 is not due to any inherent property of ATP (or ADP or phosphate), but rather to the low concentration of H+. Additionally, we show that acidification due to fermentation does not derive from the organic acid waste products, but rather from the proton produced by ATP hydrolysis.
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1 INTRODUCTION
For such a tiny particle, the proton1 certainly packs a wallop. It is so important that most laboratories in the world routinely measure its concentration (i.e., pH), and many compounds are judged by their ability to release it into solution. H+ can make many reactions go faster (acid-catalyzed) and/or further (pH-dependent reaction free energy). It diffuses faster in water than any other ion, and in fact, its diffusion in proteins and membranes is key to many biochemical processes.
In this review we will summarize current knowledge on the structure of H+(aq), and its significance in biology and biochemistry. Starting with the definitions of pH, Kw, and pKa, we explore how they are applied inside biological cells, in nanoscale spaces, and in bulk vs. interfacial phases. We then survey the Eigen and Zundel models of the hydrated proton, and apply these models to protons at interfaces, and proton mobility in water (via Grotthuss hopping) and in proteins (via proton wires). In our discussion of biochemical thermodynamics and kinetics we survey of the effects of pH on protein structure, ligand binding, and enzyme catalysis. We complete our discussion of biochemical thermodynamics by exploring the effects of pH on ATP hydrolysis, Chemiosmotic Theory, and fermentation.
1.1 H+ Concentration (pH) in Chemistry and Biology
Because H+ concentration is normally very low and can vary over several orders of magnitude, it is measured on a log-scale:
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where a = activity, γ = activity coefficient, and c° = 1 M, the standard state concentration. Because γ ≈ 1 for concentrations below 0.01 M, the approximation in Eq. 1, pH ≈ -log [H+], holds true above pH 2. (The Hammett acidity function (Hammett and Deyrup, 1932) and other acidity scales (Ivanov et al., 2021) have been developed for pH < 2.).
Pure water auto-ionizes to give H+ and OH−:
[image: image]
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Because the equilibrium constant for this reaction at 25°C is Kw = 1.00 [image: image] 10−14, the pH of pure water is 7 ([H+] = 1.00 [image: image] 10−7 M), and this constitutes a neutral solution. A pH close to neutrality is maintained in the cytoplasm, as well as in several other spaces both inside and outside the cell (Table 1). Because the main products of cellular respiration are organic acids (anaerobic fermentation) and CO2 (aerobic), and hydrated CO2 is mostly carbonic acid (H2CO3), maintaining a neutral cytoplasmic pH (pHcyt) requires active proton efflux, maintained by various H+ pumps and channels, as we will discuss below. These “waste” protons can be pumped into the extracellular space (especially for acid-secreting cells like those lining the stomach), or into various acidic intracellular compartments (e.g., endosomes, lysosomes; see Table 1). Furthermore, proton pumping across bioenergetic membranes is a key component of chemiosmotic ATP synthesis in mitochondria, chloroplasts, and bacteria.
TABLE 1 | pH of cellular compartments under normal (non-disease state) conditions.
[image: Table 1]Maintaining the proper pH is important to optimize many biochemical processes (Pouyssegur et al., 1985), especially enzyme catalysis, as we shall discuss below. It is thus not surprising that there are a number of disease states that are characterized by excessively low pH (acidosis/acidemia) or high pH (alkalosis/alkalemia). For example, the acidosis common in Alzheimers Diseased neurons (possibly caused by ischemic low oxygen and excessive anaerobic fermentation) is believed to increase production of the toxic Aβ peptide and Ca2+ influx, triggering cell death by apoptosis (Fang et al., 2010). Meanwhile, cancer cells are also ischemic, so in order to avoid acid-induced apoptosis, they over-pump excess protons out of the cell (Fang et al., 2010). This allows tumor cells to maintain a slightly alkaline interior (pHcyt 7.4) and an acidified exterior (pHext = 6.5–6.8). These pH changes have been shown to account for the increased cell proliferation in a tumor, as well as the cytoskeletal and extracellular matrix remodeling, cell migration, and tissue invasion that are characteristic of metastasis (Damaghi et al., 2013). Cancer cells maintain such a tight regulation of their disease state pH values (Korenchan and Flavell, 2019) (Quach et al., 2016) (Swietach, 2019) that pH readjustment has been proposed as a possible anti-cancer therapy (Korenchan and Flavell, 2019). The relationship between pH regulation and anaerobic metabolism in cancer and Alzheimers Disease was recently reviewed (Schwartz et al., 2020).
1.2 Does Size Matter? Protons in Nanoscale Spaces
It has been known for quite some time that some sub-cellular compartments are so small that, based on the measured pH, only a few free protons (or perhaps even less than one!) should exist inside the compartment. For example, mitochondria typically occupy about 1 fL, of which 90% is matrix and 10% intermembrane space (Bal et al., 2012). The matrix at a pH of 8 should thus contain only 5.4 free protons; similarly, the intermembrane space (pH 7) will only have 6 free protons. Thylakoid disks contain even fewer protons: They comprise 0.3 to 1.9 aL, so at a typical pH of 5.6, the largest ones will have 2.9 free protons in their lumen, and the smallest only 0.5 (Bal et al., 2012).
This raises three important questions: First, what is the meaning of a fraction of a solute ion? This question has two answers. For solutes that are unbuffered (e.g., nucleotides, metabolites), each individual compartment will contain a range of integer numbers of solute molecules. For example, 650 nm radius compartments containing a solution of 8.4 nM DNA should contain, on average, 1.3 solute molecules. Shon and Cohen found a range of solute per compartment integer numbers ranging from 0 to 5; the probability histogram for each compartment integral number, showing the stochastic nature of the distribution, fit nicely to a Poisson distribution.(Shon and Cohen, 2012).
For solutes that are buffered (e.g., H+, Ca2+, and Mg2+), Bal et al. pointed out that due to the small size of nanoscale compartments, the concentration of supposedly “free” ions must be reported by soluble probes. These probes actually report their binding equilibrium state; from calibration curves obtained in macroscale solutions (i.e., test tubes), the nanoscale equilibrium is converted to a concentration of “free” ion. However, in buffered nanoscale compartments, the probe could well be in equilibrium with buffers rather than free ions.
For example, consider the smallest thylakoid disk, with its pH of 5.6 corresponding to only 0.5 free protons. In addition to the stochastic Poisson distribution explanation above (a population of disks that contain 0, 1, or 2 protons, averaging 0.5), if the disks contain mM concentrations of phosphates (e.g., H2PO4−, HATP3−, HADP2−) with pKa ≈ 6.5, then there need be no free protons at all in order for the probe to report a pH of 5.6. Assuming that the pKa of the reporter probe is 6.0, we have acid ionization equilibria for both the probe (HX) and phosphate (H2Pi−):
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At pH 5.6, we can calculate that the ratio [HX]eq/[X−]eq = 2.5. Thus a probe [HX]/[X−] ratio of 2.5 in the smallest thylakoid disk would be interpreted as 0.5 free protons per disk. However, we can also consider the probe/phosphate equilibrium:
[image: image]
From Eq. 6 we know that as long as the phosphate [H2Pi−]eq/[HPi2−]eq ratio is 7.94, then the probe [HX]/[X−] ratio at equilibrium will be 2.5, and this would be interpreted as a pH of 5.6, even in the absence of any free protons inside the thylakoid disk.
The second, related question is: How can bioenergetic proton pumping and proton flow-driven ATP synthesis occur at biological rates if so few free protons exist in these bioenergetic compartments? For example, how can an F1F0 ATP synthase molecule in a chloroplast thylakoid disk membrane carry out H+-driven ATP synthesis if less than one free proton is present in the disk lumen? There are two significantly different and equally important answers to this question. First, the F1F0 ATP synthase is a rotary engine; protons flow spontaneously through the F0 channel, and the free energy is used to “spring-load” a rotary twist of a ratchet that stores mechanical energy (Stewart et al., 2014) (Junge and Nelson, 2015) (Kühlbrandt and Davies, 2016). Once a specific number of protons2 flow through the mammalian mitochondrial F0, mechanical energy in the ratchet is sufficient to release 3 newly synthesized ATP molecules from the F1 portion of the enzyme (Silverstein, 2014). A key mechanistic point is that protons flow through the F0 portion one at a time, and bioenergetic bulk phases contain copious amounts of weak acids (e.g., phosphates, carboxylates, amines) (Poznanski et al., 2013), as do protein side chains at the surface of bioenergetic membranes (Bal et al., 2012). As long as one of these groups ionizes to release a proton each time one disappears from the bulk phase, the pH in the bulk will remain constant; ATP can be synthesized and the engine will continue to run.
We must also consider a possible difference between the bulk phase, where pH is measured, and the membrane/bulk interface, i.e., the membrane surface. The chemiosmotic theory as presented by Nobel Laureate Peter Mitchell (Mitchell, 1961) (Mitchell, 1966) posits the driving force for proton flow between the bulk phases on either side of the bioenergetic membrane. However, Mitchell’s compatriot RJP Williams placed the driving force along the membrane surface and within the membrane (Williams, 1961) (Williams, 1978). Much early evidence favored the importance of Mitchell’s delocalized bulk-to-bulk protonmotive force; however, by the late 1970s, substantial evidence supporting the importance of Williams’s localized surface-to-surface force was beginning to accumulate (Kell, 1979) (Ferguson, 1985), and the localized protonmotive force is now widely accepted (Dilley, 2004) (Mulkidjanian et al., 2006) (Brändén et al., 2006) (Lee J. W., 2020) (Lee JW., 2020) (Springer et al., 2011) (Weichselbaum et al., 2017) (Gutman and Nachliel, 1995) (Kotlyar et al., 1994) (Heberle et al., 1994) (Nachliel and Gutman, 1996) (Gabriel and Teissie, 1996) (Gopta et al., 1999) (Cherepanov et al., 2003) (Mulkidjanian et al., 2005) (Rieger et al., 2014) (Toth et al., 2020) (Nilsson et al., 2016) (Sjöholm et al., 2017) (Morelli et al., 2020). Therefore, protons driving ATP synthesis need not come from the bulk phase, and thus the number of free protons calculated from bulk phase pH measurements may be irrelevant to bioenergetic coupling, at least under some conditions (Ferguson, 1985) (Dilley, 2004). As long as enough protons are found near the membrane surface, proton pumping and ATP synthesis can proceed apace (Toth et al., 2020) (Mulkidjanian et al., 2006) (Lee J. W., 2020) (Gutman and Nachliel, 1995) (Cherepanov et al., 2003).
This difference between bulk and membrane surface protons raises a third question, namely, do the dynamics of water and protons in tiny spaces differ from those in bulk solution? This is an area of active study; Bal et al. have found, for example, that soluble pH probes behave differently in dilute macroscopic solution and inside cells and organelles (Żurawik et al., 2016), and this difference must be taken into account in order to obtain accurate values of intracellular pH. Similarly, Crans, and Levinger have used NMR to study pH dependent vanadate speciation in reverse micelles of different sizes (Crans and Levinger, 2012). Others have stressed that concentrations in nanoscale spaces that contain only a few molecules vary stochastically, averaging to that found in bulk solution (Shon and Cohen, 2012) (Goch and Bal, 2020).3
1.3 Acid Strength (pKa) in Chemistry and Biology
The tendency of an aqueous acid HA to release H+ into water is described by the acid ionization equilibrium:
[image: image]
and its equilibrium constant:
[image: image]
In the approximation above we assume that all concentrations are below 0.01 M, so all activity coefficients ≈1. Because Ka values are often quite low and range over several orders of magnitude, they are usually expressed on a log-scale, as pKa. Eq. 8 is often written as the Henderson-Hasselbalch equation:
[image: image]
Like any equilibrium constant, Ka may change with temperature (if ∆H°a ≠ 0) and with solvent (Heller and Silverstein, 2020).4 For example, the less polar a solvent is, the less stable are the charged products of HA ionization, hence the less spontaneous the reaction is (lower Ka/higher pKa). This can also apply to weakly acidic side chains in a protein; for example, a hydrophobic local environment will lower the Ka (raise pKa) of neutral weak acids (asp/glu-COOH, cys-SH, tyr-OH; see Table 2) making them less acidic, while raising the Ka (lower pKa) of cationic weak acids (hisNH+, lys-NH3+; see Table 2) making them more acidic. A nearby positive side chain destabilizes the protonated form of the weak acid and stabilizes the conjugate base form, which makes the acid more acidic, raising its Ka (lower pKa); a nearby negative side chain does the opposite. As we see in Table 2, these effects can alter the pKa of a protein side chain by up to ±5 units from its nominal value in water.
TABLE 2 | Aqueous pKa values for amino acids that can have significant concentrations of both protonated and deprotonated forms around pH 7. Data are from 541 pKa values reported under various conditions for 78 folded proteins (Pace et al., 2009).
[image: Table 2]Proteins have six types of amino acid side chains that can change protonation state fairly easily during their activity cycle. Table 2, adapted from (Pace et al., 2009), shows that only histidine and the N-terminus have nominal pKa values that would allow them to have significant concentrations of both protonated and deprotonated forms around pH 7. However, as we discussed above, the electrostatics of the local protein environment can dramatically alter the pKa value of an amino acid side chain, as noted by the pKa ranges tabulated in Table 2. Thus, aspartate and glutamate can have pKa values as high as 9, while lysine and tyrosine can have values as low as 6. Interestingly, the average within-protein pKa is essentially the same as its nominal pKa for all amino acids but one. Cysteine seems often to be situated near a positive (or δ+) charge, thus lowering its pKa by about two units, into the neutral range. This suggests that a deprotonated thiolate anion may be functionally significant for many proteins (e.g, cysteine proteases (Chapman et al., 1997) and protein tyrosine phosphatases (Kolmodin and Aqvist, 2001)).
The change in charge resulting from deprotonation, from 0 to −1 or +1 to 0, can trigger a number of important changes in protein structure and function (Schönichen et al., 2013). These changes allow some proteins to serve as in vivo sensors and regulators of pH (Schönichen et al., 2013) (Casey et al., 2010), and they also figure into optimizing enzyme activity both in terms of substrate binding and catalysis, as we shall discuss below.
It is worth noting briefly that the water auto-ionization equilibrium (Eq. 2) releases H+ into solution, hence we can say that pKw = pKa (water) = 14.00. Many organic chemistry textbooks and papers mistakenly use 55.3 M for the concentration of conjugate acid (HA = H2O) in Eq. 8, to obtain a value of pKa (water) = 15.74. However, because water is the solvent, its activity is 1, and using its molar concentration in an equilibrium constant expression is thermodynamically incorrect (Meister et al., 2014) (Silverstein and Heller, 2017). Similarly, the release of aqueous H+ into water is sometimes written as:
[image: image]
As is often the case, aqueous H+ is written as the hydronium ion (H3O+) in Eq. 10, but as we shall discuss below, this is not meant to signify the actual structure of H+(aq). In any case, the equilibrium constant for the reaction in Eq. 10 must be 1 because products and reactants are identical, so pKa (H+(aq)) = 0. We often see this value as −1.74 in the organic chemistry literature, but again, this value is incorrect, due to the mistaken use of the molar concentration of water, 55.3 M, rather than its activity, 1 (Meister et al., 2014) (Silverstein and Heller, 2017).
The pKa of an acid tells us the acid strength of its protonated form as well as the base strength of its deprotonated form (low pKa = strong acid, high pKa = strong conjugate base). Thus, we can predict the spontaneity of the acid-base reaction between HA and B if we know the pKa values of the two conjugate acids, HA and HB+:
[image: image]
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So log (Keq) = pKa (HB+) - pKa (HA).
For a spontaneous reaction under standard conditions, Keq > 1, so log (Keq) > 0; this in turn is true if pKa (HB+) > pKa (HA). Thus, if we define for any acid-base reaction ∆pKa [image: image] pKa (HB+) — pKa (HA), then the reaction will be spontaneous if ∆pKa is positive.5
With this in mind, it is quite surprising that acid-base reactions featured in enzyme catalysis can be exceedingly nonspontaneous, with some ∆pKa values ranging from −8 to −23 (Silverstein, 2021). The question of how such incredibly nonspontaneous reactions can be catalytically useful will be discussed below.
We close the Introduction by repeating the observation of Colin Wraight (Wraight, 2006) that the biological significance of protons shows up in two types of reactions: 1) proton transport, which can occur over long distances, in several steps, and often features a pre-organized path; and 2) chemical conversion or catalysis, in which the proton is transferred from a donor to an acceptor in a single step. We will further expand on these two types of reactions in our discussion below.
2 DISCUSSION 1: PROTON TRANSFER IN WATER, PROTEINS, AND ORGANELLES
2.1 Structure of the Hydrated Proton: Eigen vs. Zundel
Before we examine proton transfer reactions, it will help to understand the structure of the hydrated proton. As mentioned above, the (erroneous) assumption that the proton is hydrated by a single water molecule to give a hydronium ion (H3O+) is quite widespread in the literature. The two most widely accepted H+(aq) structures were posed in the 1960s by Eigen and Zundel (Eigen, 1964a) (Zundel, 1969), and both structures feature more than a single water of hydration. The Eigen cation (Figure 1A) is an H9O4+ tetrahydrate in which an H3O+ entity is hydrogen-bonded to three waters in a second hydration shell. These H-bonds are the “normal” type seen in bulk water and ice. The Zundel cation (Figure 1B) is an H5O2+ dihydrate where H+ is shared equally between two inner shell water molecules. The two central hydrogen bonds are symmetrical, and they are unusually short and strong (Beli et al., 1975). Stoyanov and Reed (Reed, 2013) have proposed a hexahydrate H13O6+ ion (Figure 1C) with a Zundel-like inner core (but with longer, symmetrical H-bonds) and four H-bonded water molecules in the second hydration shell. The proton’s +1 charge is delocalized over this entire hexahydrate complex (Reed, 2013).
[image: Figure 1]FIGURE 1 | (A) The Eigen cation: H+, the large red bolded H on the right is covalently bonded to a single water in its first hydration shell. The three hydrogens in the resulting H3O+ (red) each form hydrogen bonds with a black water (H2O•) forming the second hydration shell. Bonds are not drawn to scale: O-H covalent bonds (red) have 0.96 Å bond lengths, whereas the H2O•H hydrogen bonds above are 1.4–1.7 Å long (Asthagiri et al., 2005) (Markovitch et al., 2008). (B) The Zundel cation: The central large red bolded H+ is shared equally between two inner shell waters (red), to form an H5O2+ dihydrate that features two symmetrical, unusually short and strong H-bonds. The symmetric trans conformation drawn here is the ground state in bulk water. (C) The Reed/Stoyanov cation: The Zundel dihydrate is expanded to include four black waters (H2O•) in a second hydration shell; the two central H-bonds in the dihydrate core are slightly longer and weaker than in the Zundel dihydrate (Reed, 2013). The asymmetric cis “sawhorse” conformation drawn here is believed to be the ground state at the hydrophobic phase/water interface.
Let us now evaluate the evidence supporting each of these structures. The Eigen tetrahydrate structure was hypothesized based solely on the greater mobility of H+(aq) compared to hexahydrate metal ions in water (Eigen, 1964b) (Eigen, 1964a). The Zundel dihydrate structure was supported by the continuously broad absorbance features in the crude IR spectrum of H+(aq) (Zundel, 1969). The Reed/Stoyanov structure was based on a precise measure of the hydration stoichiometry (i.e., six) and a detailed interpretation of its well-defined IR spectrum, obtained for the first time in 2010 (Stoyanov et al., 2010) (Stoyanov et al., 2011). This hexahydrate structure has recently been supported by several other studies (Thämer et al., 2015) (Daly et al., 2017) (Dahms et al., 2017) (Fournier et al., 2018) (Asthagiri et al., 2005); at this point it must be considered the definitive, most accepted structure (Reed, 2021).
Having said this, any static structural representation of the aqueous proton belies the extremely rapid kinetics of proton movement in water, a feature that is revealed experimentally by the very low activation energy for proton transfer (2.7 kcal/mol, (Cukierman, 2006)), and by the continuous broad absorption across its entire IR spectrum (Stoyanov et al., 2011). The presence of this broad IR absorption indicates that some H+(aq) ions move more rapidly than the IR timescale, i.e., faster than normal vibrations. That the barriers to proton movement are so low gives sense to the idea that the Eigen and Zundel structures represent two idealized extremes (Botti et al., 2006) (Daly et al., 2017) that can easily interconvert: As one distorts the Zundel cation (Figure 1B) by shrinking the “L” H-bond toward 1 Å (i.e., covalent) and stretching the “R” H-bond toward 1.5 Å, one approaches the Eigen structure (Figure 1A). So, a distorted Zundel cation and a distorted Eigen cation could well represent the very same structure. In modeling the process of proton mobility, Agmon has stressed the importance of such Eigen/Zundel transitions (Markovitch et al., 2008). Indeed, many in silico studies arrive at descriptions of H+(aq) having various admixtures of Eigen- and Zundel-like structures (Tuckerman et al., 1995) (Marx et al., 1999) (Botti et al., 2006) (Markovitch and Agmon, 2007) (Springer et al., 2011) (Asthagiri et al., 2005) (Biswas et al., 2017).
In summary, written as H3O+, the hydronium ion is a useful fiction but where feasible, should be replaced with the simple notation H+(aq) as a signifier of the hexahydrate complex (Silverstein, 2014).
2.2 Protons at the Interface
Water’s two hydrogens can each donate an H-bond to a neighboring water molecule, while the two lone pairs on its oxygen can each accept an H-bond. Accordingly, liquid water forms a (mostly) tetrahedral H-bond network, as the average water molecule makes a total of 3.5–3.8 H-bonds (Luck, 1980) (Guardia et al., 2015) (Jorgensen and Madura, 1985) (AuthorAnonymous, 2021). On the contrary, in Figures 1A,C we see that the inner shell (red) water(s) bound to H+ make only 3 H-bonds. This is because the proton polarizes its inner shell waters in such a way as to make the remaining oxygen lone pair a very poor H-bond acceptor (Marx et al., 1999) (Markovitch and Agmon, 2007), which makes the hydrated proton a somewhat amphiphilic molecule; the 3 or 4 inner shell hydrogens at the bottom of the complex are quite polar, and the oxygen(s) at the top much less polar (Figures 1A,C). This in turn explains why molecular dynamics simulations have consistently found H+(aq) to be enriched near the air-water (Vácha et al., 2007) (Lee and Tuckerman, 2009) (Tse et al., 2015) and decane-water interface (Zhang et al., 2012): The inner shell oxygen(s) point(s) toward the hydrophobic phase, while the hydrogens point back into the water phase, which is polar. By positioning the H+ complex thusly, hydrophobic repulsive forces are minimized, as is disruption of the H-bond network in the bulk water phase (Vácha et al., 2007) (Tse et al., 2015). This has implications for the retention of protons near the surface of biological membranes, and the delayed equilibration between surface and bulk protons, as envisioned by Williams’s localized surface-to-surface protonmotive force.
Evidence supporting the localized protonmotive force was cited in the Introduction (Does Size Matter? Protons in Nanoscale Spaces). In general, these experiments show that in many membrane systems, protons flow much faster along the membrane surface than they do between surface and bulk. In other words, there is an energy barrier than impedes surface to bulk proton equilibration. Three models have been proposed to explain this barrier. Proton binding to fixed charges at the membrane surface (e.g., lipid head groups) has been disproven by the weak dependence on pH (Mulkidjanian et al., 2005) and on lipid head group charge (Springer et al., 2011) (Sjöholm et al., 2017). Lee’s membrane capacitance model (Lee JW., 2020) requires a transmembrane electrochemical potential (negative inside) and posits disobedience of the Second Law of Thermodynamics (Lee J. W., 2020). However, as discussed above, the surface to bulk energy barrier is observed both at the air-water and decane-water interface, i.e., in the absence of any transmembrane electrochemical potential (i.e., ∆µH+ = 0). This seems to rule out Lee’s model.
A promising model has been proposed by Junge and Mulkidjanian (Cherepanov et al., 2003) (Mulkidjanian et al., 2006) and supported by Pohl’s group (Zhang et al., 2012). This model considers the special features of the water layers adjacent to the membrane surface, whose dielectric constant of ≈10–30 is much lower than that of bulk water (80). The Born desolvation energy for a proton in this low dielectric surface water phase, along with surface electrostatic repulsion, provide a surface to bulk energy barrier of 4–11 kcal/mol (Cherepanov et al., 2003) (Zhang et al., 2012). This physical model explains the observations above that protons are enriched at the air-water interface where the amphiphilic hydrated proton is better accommodated in terms of hydrophobic force and water-water H-bond network disruption.
2.3 Proton Transfer and Mobility in Water
Now that we understand the structure of the hydrated proton, we can examine how it is transported. A simple example of the importance of water in proton transfer is seen in its catalysis of a 1,3-tautomerization (Maréchal, 2004). In Figure 2 we see that a single water molecule completes a stable 6-member ring with the RN=C-NHR′ substrate. The H-bond accepting and donating ability of this water allows nucleophilic attack by =N: to initiate a series of proton transfers that end with the RNH-CH=NR’ 1,3-tautomer.
[image: Figure 2]FIGURE 2 | Water-catalyzed 1,3-tautomerization.
In general, proton transfer requires more than a single water molecule. From conductivity measurements made over two centuries ago, we know that the aqueous proton is far more mobile than any other cation. De Grotthuss hypothesized back in 1806 that in addition to translating “vehicularly” as a complete hydrated complex like other cations, H+ could also translate along a “bucket brigade” chain of water molecules (von Grotthuß, 1805) (De Grotthuss, 2006) (Cukierman, 2006). This speculative model, now known as the de Grotthuss proton “hopping” mechanism, turned out to be fairly accurate and quite useful. It is depicted in Figure 3 above for a chain of three water molecules:
[image: Figure 3]FIGURE 3 | De Grotthuss proton hopping mechanism, with a chain of three waters, proton input from the left, and output to the right.
De Grotthuss envisioned a two-step mechanism that begins with a pre-existing chain of hydrogen-bonded water molecules. After proton input (from the left in Figure 3), a sequence of oxygen nucleophilic attacks allows the proton to “hop” to the end of the chain. Then, in order to reset the chain in preparation for the next proton input, the waters must rotate or “turn back”, as the free proton exits (to the right in Figure 3).
Before we continue, a few provisos are in order regarding the scheme depicted in Figure 3. First, the choice of three waters is somewhat arbitrary; although entropy and Brownian motion put the upper limit at five molecules (Cukierman, 2006), molecular dynamics simulations (Markovitch and Agmon, 2007) (Knight and Voth, 2012) and IR spectroscopic results (Reed, 2013) suggest that the chain generally comprises two or three water molecules. Next, the linear one-dimensional chain is an oversimplification: water is bent (with a tetrahedral geometry including its two lone pairs), hence the chain must zig-zag in three dimensions. Thirdly, an assumption implicit in Figure 3 is that only a single water chain exists: All protons must enter at the same point on the left, and exit at the same point on the right. Using this assumption, it was shown that above 20°C, the rotation step was rate-determining, due to the number of H-bonds that had to be broken (Cukierman, 2006). However, for proton mobility in both bulk solution and at an interface, the rate-determining step has been shown to be hopping, not turning (Cukierman, 2006). This is true because in bulk solution and at a planar interface there are a myriad of different proton input points, and for each input point, many different paths and chains that the proton could follow. Hence, there is no requirement to reset the specific chosen path before the next proton can be input. Having said that, the single-chain assumption (with some modifications) is a reasonable approximation of what happens in proton channels and pores inside proteins; such chains were dubbed proton “wires” by Nagle and Morowitz (Nagle and Morowitz, 1978).
2.4 Proton Transfer and Mobility in Proteins
Examples of proton wires have been found in both soluble and transmembrane proteins. Soluble enzymes that catalyze reactions that either consume or produce protons often have one or more proton wires leading from the external surface of the protein into its buried active site; these wires allow the facile shuttling of protons between the active site and the external solution. Transmembrane proton pumps and sinks have pores lined by proton wires that take up protons from one side of the membrane, shuttle them through the low dielectric interior of the membrane, and release them into the bulk solution on the opposite side. A protein-situated proton wire is a modified Grotthuss chain that can include water molecules, protonatable amino acid side chains, and peptide backbone δ− groups (e.g., carbonyl O and amide N atoms). A simple example comprising two waters and two aspartate carboxylates is depicted in Figure 4. It is important to realize that unlike proton diffusion in bulk solution or at a flat interface, proton diffusion along a wire is limited to the single fixed pathway. Thus, the two “turn” steps depicted in Figure 4 are required in order to reset the wire in preparation for the next proton input; as discussed above, these rotation steps, because they require the breaking of a number of H-bonds, are likely to be rate-limiting. Such proton wires have been found in peptide ion channels like gramicidin A (Wraight, 2006), soluble proteins such as bovine pancreatic trypsin inhibitor, green fluorescent protein, and carbonic anhydrase (Shinobu and Agmon, 2009) (Shinobu et al., 2010) (Shinobu and Agmon, 2015), as well as transmembrane proton pumps and sinks like bacteriorhodopsin, cytochrome c oxidase, and F1F0-ATP synthase (Wraight, 2006).
[image: Figure 4]FIGURE 4 | Simple proton wire comprising two water molecules and two carboxylate side chains.
One last modification of the Grotthuss proton hopping scheme in Figure 3 should be mentioned at this point in our discussion. The mechanism depicted suggests that the transition state involves the weakening/stretching of an O-H covalent bond (bond energy 110 kcal/mol) as the adjacent O:····H hydrogen-bond is strengthened/contracted. As suggested by its high conductivity, the activation energy for proton transfer in water is much lower than expected for such a process; in fact, it is only 2.7 kcal/mol (Cukierman, 2006). Agmon et al. have noted that this is equivalent to the strength of a single normal water-water H-bond (Lapid et al., 2005); in their most recent model for proton transfer in water (e.g., from left to right as in Figure 3), the transition state is reached by weakening three H-bonds on the right (Figure 1A, between the second and third hydration shell). Subsequent strengthening of an H-bond on the left yields the product proton, which has shifted to the right by one water molecule (Shevchuk et al., 2014). Stoyanov and Reed concluded that the proton’s excess positive charge is delocalized over both hydration shells in the H+(H2O)6 complex, depicted in Figure 1B (Reed, 2013); in this case, the stretching of H-bonds proposed by Agmon et al. would move the proton to the right by two water molecules.
It is interesting to compare proton mobility in water and in proteins. As mentioned above, long distance proton mobility in water (3-dimensional pathways) and along an interfacial surface (e.g., membrane, 2-dimensional pathways) can occur along a myriad of different pathways, whereas within a protein, protons move along single, stable proton wires. It is thus not surprising that the activation energy is much lower for the former (2–3 kcal/mol (Agmon, 1995)) compared to the latter (15–25 kcal/mol (Wraight, 2006)). This stems from the difference in transition states for the two processes: partial weakening/stretching of just a few H-bonds for the former vs. complete severing of several H-bonds during the two “turn” steps in the latter (Figure 4).
Additionally, it is interesting to compare the diffusion constants in bulk phases, cytoplasm, along the membrane surface, and within proton channels for water, H+, and other cations. We see from Table 3 that whereas Cs+(aq) and water itself have D ≈ 0.2 Å2/ps, H+(aq) diffuses 4x faster than water, and 4.5x faster than Cs+(aq). Similarly, 2-dimensional proton diffusion along the membrane surface is also fairly efficient, being only 38% slower than 3-dimensional diffusion in bulk water. On the other hand, proton diffusion in the cytoplasm is impeded; while its maximum value is equivalent to that of water, it has been measured to be as low as 5x slower than water. Similarly, the slow diffusion of protons in reverse micelle nanodroplets was recently reported (Sofronov and Bakker, 2020). While water diffuses at least as fast in the cytoplasm as in the bulk phase, protons do not; it seems clear that Grotthuss water chains cannot form in the cytoplasm, either due to the crowding of macromolecules and cellular structural elements (Silverstein and Slade, 2019) or to the nature of water’s hydrogen-bonding network in nanoconfined spaces (Sofronov and Bakker, 2020). Finally, protons diffuse 15–20 times faster through the transmembrane gramicidin A channel than water or Cs+ do, and remarkably, protons diffuse almost as fast through the gramicidin A single proton wire as they do along the membrane surface. This shows that proton wires can be remarkably efficient in catalyzing proton flux.
TABLE 3 | Diffusion coefficients (D) for cations and water, measured at 25°C (Wraight, 2006).
[image: Table 3]Before we conclude our discussion of proton mobility, it is important to point out the predominantly 6 electrostatic nature of the hydrogen bonds that form water chains in the Grotthuss mechanism (Figure 3), and proton wires in proteins and peptides (Figure 4). One may view proton transfer as a series of protonation-deprotonation steps governed by acid-base equilibria (i.e., ∆pKa) that are specific to the polar covalent H-A bond. On the other hand, the H-bonds in water chains and proton wires are simple electrostatic attractions that can accommodate not just H+, but any ion of the proper size, charge, and ability to shed its hydration shell. In fact, while bacteriorhodopsin is a light-driven proton pump (Wickstrand et al., 2019), some bacteriorhodopsins pump sodium cations (Jakdetchai et al., 2021), and others chloride anions (Schobert and Lanyi, 1982). Similarly, while most F-type and V-type ATPases pump protons, some pump sodium cations (Mulkidjanian et al., 2008). Readers who are interested in more details on proton pumping by bacteriorhodopsin and mitochondrial Complexes I, III, and IV, and proton flow-driven F1F0 ATP synthesis, are referred to the following reviews: (Lanyi, 2004) (Wirth et al., 2016) (Sazanov, 2015) (Hirst, 2013) (Crofts, 2004) (Crofts et al., 2006) (Wikström and Sharma, 2018) (Brzezinski and Gennis, 2008) (Junge and Nelson, 2015) (Kühlbrandt and Davies, 2016) (Nath, 2006).
3 DISCUSSION 2: KEY BIOCHEMICAL REACTIONS INFLUENCED BY PH AND H+
3.1 Protein Side Chain Protonation, Salt Bridge Formation, and Ligand Binding
Now that we have surveyed the structure of the aqueous proton and its mobility both in solution and in proteins, we will explore the effects of H+ and pH on protein structure and function. A key feature that stabilizes protein structure is the salt bridges that form due to the electrostatic attraction between protonated cationic amino acid side chains (his, lys, arg, and N-terminal) and deprotonated anionic side chains (asp, glu, cys, and C-terminal). Of course, in order to form salt bridges, the pH must be high enough to deprotonate the −COOH or −SH group, but still low enough to keep the cationic side chains protonated. As we shall see, such salt bridges figure prominently in driving ligand binding (e.g., hemoglobin + O2, histone + DNA) and enzyme catalysis (e.g., chymotrypsin).
The classic example of the influence of pH on protein function is hemoglobin’s Bohr effect (Bohr, 1904) 7(Adair, 1925); for an excellent modern review, see (Eaton et al., 1999). This effect is described in detail in just about every biochemistry textbook published since the mid-20th century. Here we will cover only the basic idea, namely that as pH goes down, hemoglobin’s oxygen binding equilibrium constant goes down; in other words, H+ inhibits oxygen binding. This physiologically important effect allows hemoglobin to release more oxygen to tissues that function under low-oxygen or high CO2 conditions, both of which are characterized by lowered blood pH.
The structural underpinning of the Bohr effect lies in a number of salt bridges 8 that exist in hemoglobin’s deoxy conformation, but not when oxygen is bound; the conformational change that occurs upon oxygen binding moves the participating side chain ion pairs too far apart (Perutz, 1970). The existence of these “extra” salt bridges stabilizes the deoxy form relative to the oxy form, thus lowering myoglobin’s O2-binding equilibrium constant and enhancing oxygen release. The cationic member of all of these Bohr salt bridges is always histidine, featuring pKa values between 6.5 and 7.9 (Sun et al., 1997). Hence, as pH is lowered from 8 to 6, these histidines become more protonated and more likely to form extra salt bridges in deoxy-hemoglobin; this extra stabilization of the deoxy form accounts for hemoglobin’s decline in oxygen affinity at lower pH.
Histone-DNA binding is another important example of the influence of protonation-dependent salt bridge formation (Isenberg, 1979). Histones are highly enriched in cationic lysine and arginine residues, allowing them to bind polyanionic DNA with high affinity (Record et al., 1978) (Fenley et al., 2010). Histones act as spools around which DNA winds to create nucleosomes, which in turn are organized into tightly packed chromatin in the nucleus. This packing of DNA protects the polymer from physical and chemical damage; on the other hand, for a gene to be transcribed or replicated, DNA must be unwound and released from histone. One way to trigger this release would be to deprotonate the cationic histone side chains, however, because the pKa values of lysine and arginine side chains are above 10 (Table 2), this will not happen in the nucleus (pH 7.3, Table 1). Instead, to unwind DNA and activate transcription or replication, histone lysine side chains are neutralized (+1 to 0) by acetylation or methylation: lys-NH3+ → lys-NH-CH3 or lys-NH-CO-CH3 (Shahbazian and Grunstein, 2007) (Fenley et al., 2010).
3.2 Impact of H+ on Biochemical Kinetics: Chymotrypsin
The rate of a reaction that features a proton at or before the rate-determining step (e.g., the reverse of Eq. 7) is pH-sensitive, as [H+] appears in the rate law. Similarly, the rate constant of an acid-catalyzed reaction increases with [H+], as the presence of a proton stabilizes the transition state and lowers its activation energy. For enzymes, the situation is a bit more complicated. Proton transfer is the most common enzyme-catalyzed reaction (Kirby, 1997) (Kraut et al., 2003), appearing in well over half of enzyme catalytic mechanisms (Jencks, 1987). Chymotrypsin is a “textbook” case 9 of an enzyme that utilizes general base catalysis as the key component of its catalytic mechanism. It is a serine protease that catalyzes the hydrolysis of amide and ester bonds. The active site catalytic triad features the serine195-OH nucleophile which is base-catalyzed by the adjacent histidine57-imidazole≡N, whose protonated state is stabilized by the adjacent aspartate102-COO:−. Once deprotonated by his57, the ser195-O:− nucleophile attacks its substrate amide (or ester) carbonyl group (Figure 5). Upon collapse of the tetrahedral oxyanion intermediate, the RNH:− leaving group is protonated by his57≡NH+ as well as a proton from solution as it leaves. A covalent acyl-serine enzyme intermediate is left behind at the active site. This is then hydrolyzed in an identical second series of steps featuring water as the base-catalyzed nucleophile and ser195-O:− as the leaving group (Figure 5).
[image: Figure 5]FIGURE 5 | Chymotrypsin catalytic mechanism.
Proton transfer figures prominently in the catalytic mechanism at two points: the nucleophile is strengthened upon deprotonation by his57[image: image]N:, and loss of the leaving group is facilitated upon protonation by his57[image: image]NH+. In addition, Figure 5 does not show the substrate binding step that precedes catalysis. This is facilitated by an enzyme conformation that features a deep cleft leading from the external solution to the buried active site. Once the substrate diffuses into this cleft, it is bound by the enzyme with a precise orientation placing the ser195-OH near the substrate carbonyl carbon, and the δ+ amide protons near enough to electron-withdraw from the carbonyl oxygen and stabilize the tetrahedral oxyanion intermediate (Figure 5). This particular conformation is in turn stabilized by, among other things, a particular salt bridge between chymotrypsin’s N-terminal (ile16)-NH3+ and its asp194-COO:−. Above pH 8, the N-terminal is deprotonated, this key salt bridge is broken, and the enzyme conformation changes so as to disallow substrate binding (due to blockage at the mouth of the substrate binding cleft). Furthermore, below pH 7 the critical base catalyst his57[image: image]N: becomes protonated and can no longer deprotonate the ser195-OH nucleophile. These changes account for the pH dependence of chymotrypsin.
3.3 Michaelis-Menten Kinetics and the Enzyme Activity pH Profile
The activity pH profile of chymotrypsin is depicted in Figure 6; data are fit to the titration equation for a diprotic acid with two distinct pKa values for H2A (pKa,lo) and HA− (pKa,hi):
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[image: Figure 6]FIGURE 6 | pH dependence of chymotrypsin-catalyzed hydrolysis of N-acetyl-L-tryptophanamide at 25°C. Data adapted from (Himoe et al., 1967) are fit to Eq. 13 with best-fit parameters: pKa,lo = 6.67 ± 0.11, pKa,hi = 9.57 ± 0.08, v0,opt.pH = 0.82 ± 0.03 μM/s, R2 = 0.93.
As is typical for many enzymes, chymotrypsin’s pH profile is bell-shaped, with an optimal pH that is half-way between pKa,lo and pKa,hi. From this we conclude that the monoacid is required for optimal enzyme activity, i.e., the acidic group responsible for pKa,lo must be deprotonated, while the group responsible for pKa,hi must remain protonated.
Enzyme pH dependence is often characterized using the Michaelis-Menten kinetic scheme, wherein non-covalent substrate binding is characterized by the Michaelis constant, Km, which for many enzymes ≈ the dissociation equilibrium constant of the non-covalent enzyme-substrate complex E·S, subsequent covalent bond changes in the catalytic step are characterized by the turnover number, kcat. A low value of Km signifies tight substrate binding, while a high kcat signifies rapid catalysis at the enzyme’s active site.
Referring again to chymotrypsin’s pH profile (Figure 6), it was later determined that pKa,lo was due solely to the increase of kcat with pH, whereas pKa,hi was due to both an increase of Km and a decrease of kcat with pH (Kahana and Shalitin, 1974). Based on knowledge of the structure and catalytic mechanism of chymotrypsin, we can hypothesize that the active site his57≡NH+ titrates with pKa,lo = 6.67, while its N-terminal ile16-NH3+ titrates with pKa,hi = 9.57: his57≡NH+ must be deprotonated in order to base-catalyze the ser195-OH nucleophile, while ile16-NH3+ must be protonated in order to form the key salt bridge that keeps the substrate binding cleft unblocked and stabilizes the optimal position of asp194, ser195, and other important nearby residues at the active site.
As shown in Figure 5, chymotrypsin’s acylation step requires proton influx into the active site, whereas the deacylation step requires proton efflux from the active site into the bulk solution. Because the substrate binding cleft is fairly large (after all, it must accommodate a protein substrate), proton mobility between the external bulk solution and the internal active site is not impeded; it can proceed via the Grotthuss water chains that are known to exist in bulk water. However, this is not the case for many other enzymes. The substrate for carbonic anhydrase, CO2, is small, and diffuses easily through the folded protein into the buried active site. On the other hand, the proton that is produced by the catalyzed reaction (CO2 + H2O → HCO3− + H+) must diffuse through the protein along a specific proton wire that includes the critical residue his64 (Tu et al., 1998) (Shinobu and Agmon, 2009). In addition, a proton wire connecting the external bulk phase to the buried fluorophore has been mapped in Green Fluorescent Protein (Shinobu and Agmon, 2009) (Shinobu et al., 2010) (Agmon, 2005).
3.4 Nonspontaneous Proton Transfer Reactions can Be Catalytically Useful
The catalytic mechanism of chymotrypsin features proton transfer from a very weak acid (ser-OH) to a weak base (his-imidazole). ∆pKa for this reaction is -8 (= 7{his} – 15{ser}), so it is exceedingly nonspontaneous, with Keq = 10−8 and ∆G° = +11 kcal/mol at 25°C. Reactions between even weaker carbon acids and weaker carboxylate bases are not uncommon in some enzymes, giving ∆pKa as low as −23! How could such incredibly nonspontaneous reactions be catalytically useful? As discussed recently (Silverstein, 2021), to get around this problem, enzymes employ several catalytic strategies that can be categorized as either ground state or transition state effects. The first ground state effect is the alteration of pKa by local environment that we discussed above. For example, carbon acid substrates bound to the enzyme can have pKa values 4–20 units lower than in aqueous solution; increases in base strength of 2–5 units are also found (Silverstein, 2021). Some of these nonspontaneous proton transfers can be brought to ∆G° ≈ 0 by this pKa shift effect alone, but more generally, about 2/3 of the unfavorable free energy is supplied by this effect; this leaves about 4–14 kcal/mol to be supplied by other effects (Silverstein, 2021).
Enzymes have been found to use two transition state effects to lower the activation energy of highly nonspontaneous proton transfer steps. Menger proposed a split-site model of enzyme catalysis that allows calculation of the amount of spontaneous substrate binding free energy that can be applied to lowering the activation energy (Menger, 1993) (Menger, 2005). Readers are referred to these original papers for the details of this useful model, but suffice it to say here that this effect has been estimated to lower the activation energy by 6–18 kcal/mol (Silverstein, 2021). Additionally, Cleland proposed that normal ground state hydrogen bonds can become shorter, stronger low-barrier hydrogen bonds in the transition state (Cleland and Kreevoy, 1994) (Cleland et al., 1998) (Cleland, 2000). Such a low-barrier H-bond has in fact been confirmed in the histidine-serine active site pair in chymotrypsin and other serine proteases (Frey et al., 1994). Formation of such super-strong H-bonds could supply 7–25 kcal/mol toward lowering the activation energy of the proton transfer step (Silverstein, 2021).
Besides pKa shifting due to local environment, the other ground state mechanism employed by enzymes is effective molarity, defined as the increase in spontaneity (or rate) when the proton donor and acceptor are optimized in space by attachment to a single molecule. Getting around the requirement for diffusion and collision in solution increases ∆S of the reaction, which can be envisioned as an increase in the “effective” molarity of the reactants. Using chymotrypsin as an example, although in aqueous solution imidazole would not be expected to deprotonate ethanol, the reaction becomes much more spontaneous by positioning the two molecules (histidine and serine side chains) optimally at the active site of the enzyme. In general, effective molarity can provide about 7 kcal/mol (range: 4–11 kcal/mol) toward lowering the activation energy of the enzymatic proton transfer step (Silverstein, 2021).
Summing up, of the 4–14 kcal/mol required to scale the activation barrier for nonspontaneous enzymatic proton transfer steps, at the lower end, any one of the three mechanisms outlined above (effective molarity, split-site substrate binding, low-barrier H-bonds) could drive the reaction forward. At the upper end, one or two of the three would certainly do the trick. Although it is beyond the scope of this survey, we should mention at least in passing that proton tunneling has also been shown to be important in some enzyme catalytic mechanisms; for recent reviews see (Klinman and Kohen, 2013) (Nagel and Klinman, 2006) (Hammes-Schiffer, 2006).
To close this section, there is an intriguing example of effective molarity that appears in some proton transfer enzymatic steps; it is sometimes referred to as the “swivel/flip” mechanism. The basic idea is depicted in the proton wire in Figure 4, showing how a carboxylate can pick up a proton on one side, then swivel 180° to deliver it on the other side. For example, at the active site of triose (and hexose) phosphate isomerase, the catalytic base glu165-COO: deprotonates C1 of the triose, then swivels to reprotonate the substrate at C2 (Knowles, 1991). Phospho-mutases use a version of this swivel/flip mechanism (Herzberg et al., 1996) in which an active site histidine-imidazole-phosphate donates a phosphate at the C2-OH of glycerate-3Pi, and then swivels 180° to remove one from the C3-OPi; for glucose-1Pi, phosphate addition is at C6 and removal from C1. Finally, aconitase has been shown to remove OH− from the C3 of citrate to create a bound intermediate cis-aconitate, which is then swiveled 180° in order to add water at C2 (Beinert and Kennedy, 1993), giving the product iso-citrate. The swivel/flip mechanism in these enzymes elucidates the ability to move a proton (or phosphate or hydroxide) from one carbon to an adjacent one by simply swiveling a carboxylate or imidazole side chain.
3.5 Impact of H+ on Biochemical Thermodynamics
3.5.1 Lactate Dehydrogenase
The spontaneity of reactions that feature H+ as either reactant or product is influenced by pH. The reaction catalyzed by lactate dehydrogenase is a good example:
[image: FX 1]
From the (chemical) standard reduction potentials of the pyruvate/lactate and NAD+/NADH redox couples (+0.224 V and −0.113 V, respectively), one can calculate a standard cell potential of −0.337 V, and ∆G° = −nF∆E° = +15.5 kcal/mol for lactate oxidation to pyruvate. Because this reaction must occur in aerobic tissues in order to metabolize the lactate created by fermentation in anaerobic tissues, it is clear that the standard free energy is not indicative of cellular conditions. Taking into account the difference in concentration of H+ going from the chemical standard state (1 M) to the biochemical standard state (10−7 M), lowers ∆G° by RTln(10−7), or 9.55 kcal/mol, so ∆G°’ = +6.0 kcal/mol. This is better, of course, but still too nonspontaneous to be biochemically useful. The final adjustment to cellular conditions recognizes that lactate and NAD+ are generally present in excess over pyruvate and NADH. The exact ratios vary by tissue, oxygen concentration, and metabolic state, but Schwartz et al. reported the values in Table 4 above.
TABLE 4 | Cellular concentrations of lactate, pyruvate, and ratios of [NAD+]free/[NADH]free, from (Schwartz et al., 1974).
[image: Table 4]Using the average values, we calculate that the biochemical reaction quotient (Q’) for lactate oxidation under cellular conditions is
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To calculate the effect of concentration on reaction free energy we use Eq. 16,
[image: image]
Which at 25°C gives ∆G = 6.0 − 6.24 = -0.2 kcal/mol. Thus under average cellular conditions (Table 4), lactate oxidation runs very close to equilibrium (∆G ≈ 0), and slight changes in metabolic condition will alter the [pyruvate]/[lactate] and [NADH]/[NAD+] ratios so as to drive the reaction either forward or backward.
3.5.2 ATP Hydrolysis
The hydrolysis of adenosine triphosphate (ATP) is another crucially important biochemical reaction whose equilibrium is dramatically affected by pH. ATP is the “high energy” molecule whose hydrolysis supplies free energy to drive a myriad of nonspontaneous biochemical reactions, including muscle contraction, ion pumping, biochemical syntheses, etc. ATP hydrolysis yields the products ADP (Figure 7) and inorganic phosphate (Pi, or HO-Pi2−).
[image: Figure 7]FIGURE 7 | Structures of ATP, ADP, and inorganic phosphate.
ATP and ADP are phosphoanhydrides (Figure 7), and the instability of these bonds, along with electrostatic repulsion within the polyanionic ATP and the extra resonance stabilization of the phosphate product are generally invoked to explain the spontaneity of the ATP hydrolysis reaction. In fact, as we shall see, the spontaneity of this crucial reaction is also controlled by ionic strength (I), Mg2+, pH, and the protonation state of ATP, ADP, and Pi.
Added salt supplies cations that can screen the electrostatic repulsion within the ATP4− (and ADP3−) polyanionic molecules. Thus, increasing ionic strength makes ATP hydrolysis less spontaneous, and it is important to take the typical cellular ionic strength of 0.2–0.25 M into account (Alberty and Goldberg, 1992) (Méndez, 2008) (Méndez and Cerdá, 2016). Also, Mg2+ binds with moderate affinity to both ATP4- and ADP3- (Kd = 0.12 and 1.1 mM, repectively, (Alberty and Goldberg, 1992)), serving to decrease ATP hydrolysis spontaneity in a similar fashion; consideration of a typical cellular Mg2+ concentration of 1–3 mM is thus also important.
But more important than ionic strength and magnesium is the influence of pH. It is clear from Figure 7 that in their fully protonated forms, ADP and Pi are triprotic acids, while ATP is a tetraprotic acid. pKa values at 25°C and 0.2 M ionic strength are: 0.9, 1.4, 3.8, and 6.5 for H4ATP; 0.9, 3.8, and 6.3 for H3ADP; and 2.2, 6.65, and 12.4 for H3PO4 (Alberty and Goldberg, 1992). Thus, over the pH range 0–11, the protonation states of ATP, ADP, and Pi will change, giving different reactants and products for the ATP hydrolysis reaction, and thus different free energies:
[image: image]
As seen in the balanced equations in Eq. 17, ATP hydrolysis below pH 7 should be pH-independent, whereas above pH 7, ∆G should get more negative by RTln(10) = 1.36 kcal/mol per pH unit increase. Furthermore, the products at pH 0 are all neutral and have no resonance forms, so this reaction should be considerably less spontaneous than at pH 2—6, where ATP is a polyanion with electrostatic repulsion, and ADP and Pi are stabilized by resonance. These predictions are all confirmed in the reported pH dependence of ATP hydrolysis free energy plotted in Figure 8.
[image: Figure 8]FIGURE 8 | ∆G for ATP hydrolysis as a function of pH; I = 0.25 M, [Mg2+] = 1 mM, T = 25°C. Data are taken from (Alberty and Goldberg, 1992) and (Méndez and Cerdá, 2016). Measured values are between pH 3.5–6.5 (black circles), 7–10 (purple circles), and pH 0 (open blue squares). Best-fit line for pH ≥ 7 points has intercept = 0.54 ± 0.17 kcal/mol, slope = −1.297 ± 0.020 kcal/mol/pH unit, R2 = 0.9986.
The plot can be broken down into three pH regions: pH ≤ 0.5, where ∆G ≈ −1 kcal/mol; pH 3.5–6.5, where ∆G ≈ −8 kcal/mol; and pH ≥ 7, where ∆G gets more negative by 1.3 kcal/mol with each unit increase in pH (in agreement with the theoretical value of 1.36 kcal/mol/pH unit). Notably, at pH 7, ∆G = −8.6 kcal/mol (−36 kJ/mol), which is the biological standard free energy (pH 7, 1 mM Mg2+, I = 0.25 M) that should be used in biochemical thermodynamic calculations.10 It is also interesting to note that around pH 1.8 (between region 1 and 2), the predominant ATP hydrolysis reaction should be
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Unlike region 3 (pH ≥ 7), ∆G for ATP hydrolysis around pH 1.8 should get more positive with increasing pH. No measurements have been reported (yet) in this region; it would be interesting to know if the predicted unusual pH-dependence is observed.
Hydrolysis free energy in these three pH regions shows that ATP is not a high energy molecule per se, nor can the weakness of the phosphoanhydride bond explain the spontaneity of ATP hydrolysis: Hydrolysis of fully protonated H4ATP (pH ≤ 0.5) is just barely spontaneous. On the other hand, hydrolysis of HATP3− and H2ATP2− (pH 3.5–6.5) is quite spontaneous, with ∆G ≈ −8 kcal/mol for both forms; this suggests that resonance stabilization of the H2PO4− product is a key factor. Finally, the positive intercept of the fit-line for ∆G at pH ≥ 7 shows that if this particular reaction (i.e., ATP4− hydrolyzed to ADP3− and HOPi2−) could take place at pH 0, it would be nonspontaneous (∆G = +0.5 kcal/mol). This suggests that the hydrolysis of the ATP4− tetra-anion, which is the reaction that occurs in most cells and organelles, is really only spontaneous due to the low concentration of H+! We have found no previous mention in the literature of this important conclusion.
3.5.3 Chemiosmotic Theory and the Proton Electrochemical Gradient
One of the most important biochemical roles of the proton was proposed by Nobel Laureate Peter Mitchell (Mitchell, 1961) (Mitchell, 1966): In his Chemiosmotic Theory he posited that ATP synthesis is driven by the electrochemical proton gradient established across bioenergetic membranes, e.g., the bacterial plasma membrane, mitochondrial inner membrane, and chloroplast thylakoid membrane. The gradient is established by proton pumping that is driven by spontaneous electron transfer (oxidative phosphorylation in bacteria, mitochondria) or light (photophosphorylation in chloroplasts). All of these proton pumping complexes export protons from their topological inner (or N/negative) side to their outer (or P/positive) side (Azzone et al., 1993), leaving the inside phase negative and alkaline relative to the outside phase. Spontaneous proton influx through the F1F0 ATP synthase then drives ATP synthesis. Mitchell derived the thermodynamic equation showing that the energy stored in the proton gradient is a sum of its electrostatic component due to the transmembrane potential (∆ψ, negative inside) and its chemical component due to the concentration gradient (∆pH, alkaline inside):
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where ∆µH+ is the electrochemical potential for proton import, in kcal/mol (or kJ/mol), z = +1 (proton charge), F = Faraday constant, ∆ψ [image: image] ψin - ψout is in volts, and ∆pH [image: image] pHin − pHout. Mitchell often expressed the driving force as a protonmotive force (pmf, in volts) by dividing both sides of Eq. 19 by zF:
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Using Eq. 19 we can calculate that for the influx of H+ across a bioenergetic membrane with ∆pH = 0.7 and ∆ψ = −120 mV, ∆µH+ = −3.7 (2) kcal/mol H+ at 25°C. Thus, the import of 3 H+ would be sufficient to drive the synthesis of 1 ATP under biological standard conditions (∆G°’ = +8.6 kcal/mol), and also under typical bioenergetic conditions (∆GATP synth. ≈ 10.5 kcal/mol)11.
The actual H+/ATP coupling ratio is controlled by the subunit stoichiometry of the F0 proton channel portion of the F1F0 ATP synthase. Specifically, each F0 c subunit registers the flow of one proton as a torque-generating twist. Vertebrate mitochondrial F0 has 8 c subunits, hence the flow of 8 H+ causes a full rotation of 360°, which releases 3 ATP, one each from the three β subunits of the F1 portion of the synthase (Silverstein, 2014). This allows us to calculate that the thermodynamic efficiency of the mitochondrial ATP synthase can be, remarkably, ≈100%12 (= 10.5 [image: image] 3 ÷ (3.72 [image: image] 8))! Similar extremely high efficiencies have been calculated for bacteria (13/13.2 = 98%) and chloroplasts under certain conditions (13.2/15.6 = 85%) (Silverstein, 2014). Before we move on, it is worth reiterating that although Mitchell defined pHin,out and ψin,out as pertaining to the bulk phases only, Williams hypothesized that the membrane surface pH was more important than the bulk pH (Williams, 1961) (Williams, 1978). Using bulk phase ∆pH and ∆ψ values have yielded thermodynamically impossible efficiencies of >100%, yielding theoretical support for surface-localized chemiosmotic theory12. As discussed above, there is also much experimental evidence supporting Williams’s surface-localized pH hypothesis.
F0 c-subunit stoichiometries have been found to range from 8 to 15 (Silverstein, 2014). For example, n = 10 for bacteria and yeast, and 14 for chloroplasts. It is interesting that vertebrate mitochondria and chloroplasts fall near the lower and upper extremes of c-subunit stoichiometries. Increasing c-subunit stoichiometry has the advantage of increasing the driving force for ATP synthesis (more protons flow per ATP), but at the same time, lowering thermodynamic efficiency. If chloroplasts, with their profligate c14 stoichiometry, evolved with abundant light to drive proton pumping, then thermodynamic efficiency may not have been an important evolutionary consideration in photosynthetic ATP synthesis (Silverstein, 2014).
3.5.4 How Exactly Does Fermentation Acidify the Cell?
Chemiosmotic Theory explains how the maximum amount of ATP can be synthesized from the complete oxidation of sugar inputs under aerobic conditions. On the other hand, in the absence of oxygen as terminal electron acceptor, redox-driven proton pumps cannot function, so oxidative phosphorylation cannot occur. Under these anaerobic conditions, ATP is synthesized by substrate-level phosphorylation typical of fermentation. For a century or more, common wisdom has been that the acidification that occurs under anaerobic conditions, where pH can fall by 0.6 unit or more (Roberts et al., 1984) (Gout et al., 2001), is due to the organic acids produced by various fermentation processes (e.g., lactic, acetic, formic, succinic, butyric, and caproic acids). Although careful experimental results have repeatedly cast doubt on this conclusion (Gout et al., 2001) (Saint-Ges et al., 1991) (Menegus et al., 1991), it remains stubbornly common; it just makes too much sense that production of an acid should explain a decrease in pH. However, a careful examination of the complete balanced chemical equations for fermentative processes shows that protons are not in fact produced. For example, in lactate fermentation, glucose is split into two molecules of lactate, with production of 2 ATP:
[image: image]
While it is true that lactate is produced along with protons, the 2 H+ products are consumed during production of 2 ATP at pH ≥ 7, as seen in Eq. 17. The balanced equation for the net reaction is then:
[image: image]
A similar balanced equation is obtained for the fermentation of ribose to lactate + acetate +2 ATP: there is no net production or consumption of H+. On the other hand, when the synthesized ATP is hydrolyzed at pH ≥ 7 to energize anabolic reactions, we see from Eq. 17 that H+ will be produced. So the acidification that occurs in lactate and acetate fermentation is due to ATP hydrolysis, and not to the production of the organic acids. Experimental evidence supporting this conclusion has been reported (Gout et al., 2001).
Along these lines, Raven and Smith proposed that the F1F0 ATP synthase evolved originally as an ATP-driven pump to extrude the protons produced during anaerobic fermentation (Raven and Smith, 1976). However, it was pointed out that the symporters that export the organic acid fermentation waste products from the cell co-export a proton for each acid molecule (Silverstein, 1989). Hence, there is no need for an ATP-driven pump to carry out a role that is already taken care of by the acid symporter. It is more likely that the original purpose of the F1F0 ATP synthase was to pump out protons that leaked into the primordial cells (Silverstein, 1989) from their acidic primordial environment (Woese and Fox, 1977) (Lake, 1988).
The other classic fermentation process converts glucose to two molecules each of ethanol and CO2 (and ATP):
[image: image]
While no protons are produced or consumed in Eq. 23, the synthesis of 2 ATP in this fermentative process will consume 2 H+ at pH ≥ 7, as shown in Eq. 17, but the subsequent hydrolysis of these 2 ATP to drive anabolic processes again leaves the proton concentration unchanged. So what then accounts for the acidification caused by ethanol fermentation? The answer, of course, is that CO2 is a weak acid: It reacts with water to produce carbonic acid, H2CO3. This in turn reminds us that it is not only anaerobic fermentation that can cause the pH to drop. Without the expulsion of CO2 by breathing, waste CO2, whether from aerobic or anaerobic metabolism would cause acidosis, and ultimately, death.
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FOOTNOTES
1The H+ ion is often referred to as a proton. Because the hydrogen atom has only one proton (no neutrons) and one electron, stripping off the electron to give H+ leaves only the proton.
2The H+/3 ATP coupling ratio varies from 8—15, depending on species and organelle, as discussed below.
3Regarding the important question of how equilibrium constants vary with size in nanoscale compartments (see (Goch and Bal, 2020) and references therein), Sawada et al. observed such a variation, but their nanoscale compartments were hydrophobic and substantially dehydrated (Sawada et al., 2009). Shon and Cohen did not observe this effect, except in their smallest, 250 nm radius compartment. (Shon and Cohen, 2012). Goch and Bal presented a detailed analysis of the conditions under which the variation is appreciable or insignificant, and used their model to explain the results of Shon and Cohen.
4Note that the solvent actually changes the activity coefficients of the ionic products H+ and A− (and to a lesser extent, the neutral reactant, HA); the activity-based Ka is solvent-independent. However, in organic chemistry and biochemistry literature, the molarity-based expression for Ka is almost always used (assuming all γ ≈ 1), so Ka is seen as being solvent-dependent.
5Additionally, ∆G° for the acid-base reaction = -RTln(Keq) = -2.3RTlog(Keq) = -2.3RT∆pKa.
6Quantum mechanical effects undoubtedly contribute some of the attractive force in hydrogen bonds, but these are often ignored, as they require solving appropriate Schrodinger equations. Models that include only electrostatic effects are generally quite successful in recapitulating physical systems. (Warshel, 1998), (Warshel, 1991).
7For an English translation of Bohr’s article, see: http://www1.udel.edu/chem/white/C342/Bohr(1904).html.
8The most well-characterized Bohr effect salt bridge is that between the β-subunit his146NH+ and the α-subunit asp94-COO: (Perutz, 1970), (Perutz et al., 1984), (Perutz et al., 1985).
9Chymotrypsin is often the first enzyme mechanism covered in undergraduate biochemistry textbooks. See for example (Nelson et al., 2013).
10As opposed to the values of -7.2 to -7.6 kcal/mol (-30 to -32 kJ/mol) that one often sees in the literature and textbooks.
11Calculated using steady state mitochondrial matrix concentrations of 0.1 M Pi and [ATP]/[ADP] = 3, at 25°C (Silverstein, 2014).
12Although reported values of ∆pH ≈ 1 are common in the older literature, recent measurements cluster around 0.1–0.4.(Chinopoulos et al., 2009), (Jaworska et al., 2021) Using ∆pH = 0.3 (instead of 0.7), the thermodynamic efficiency of proton-driven ATP synthesis in the mitochondrion would be 124%! This thermodynamically impossible value stems from the fact that the operative surface-to-surface ∆pH is undoubtedly much higher than the measured bulk-to-bulk ∆pH.
REFERENCES
 Adair, G. S., Bock, A. V., and Field, H. (1925). The Hemoglobin System. J. Biol. Chem. 63, 529–545. doi:10.1016/s0021-9258(18)85018-9
 Agmon, N. (2005). Proton Pathways in green Fluorescence Protein. Biophysical J. 88, 2452–2461. doi:10.1529/biophysj.104.055541
 Agmon, N. (1995). The Grotthuss Mechanism. Chem. Phys. Lett. 244, 456–462. doi:10.1016/0009-2614(95)00905-j
 Alberty, R. A., and Goldberg, R. N. (1992). Standard Thermodynamic Formation Properties for the Adenosine 5'-triphosphate Series. Biochemistry 31, 10610–10615. doi:10.1021/bi00158a025
 Asthagiri, D., Pratt, L. R., and Kress, J. D. (2005). Ab Initio molecular Dynamics and Quasichemical Study of H+(aq). Proc. Natl. Acad. Sci. 102, 6704–6708. doi:10.1073/pnas.0408071102
 AuthorAnonymous (2021). Hydrogen Bonding in Water. Available at: http://www.esalq.usp.br/lepse/imgs/conteudo_thumb/Hydrogen-Bonding-in-Water.pdf (Accessed August 23, 2021). 
 Azzone, G., Benz, R., Bertl, A., Colombini, M., Crofts, A., Dilley, R., et al. (1993). Transmembrane Measurements across Bioenergetic Membranes. Biochim. Biophys. Acta (Bba) - Bioenerg. 1183, 1–3. doi:10.1016/0005-2728(93)90002-W
 Bal, W., Kurowska, E., and Maret, W. (2012). The Final Frontier of pH and the Undiscovered Country beyond. PLoS One 7, e45832. doi:10.1371/journal.pone.0045832
 Beinert, H., and Kennedy, M. C. (1993). Aconitase, a Two‐faced Protein: Enzyme and Iron Regulatory Factor 1 2. FASEB j. 7, 1442–1449. doi:10.1096/fasebj.7.15.8262329
 Beli, R. A., Christoph, G. G., Fronczek, F. R., and Marsh, R. E. (1975). The Cation H13O6+: A Short, Symmetric Hydrogen Bond. Science 190, 151–152. doi:10.1126/science.190.4210.151
 Bohr, C., Hasselbalch, K., and Krogh, A. (1904). Ueber einen in biologischer Beziehung wichtigen Einfluss, den die Kohlensäurespannung des Blutes auf dessen Sauerstoffbindung übt1. Skand. Arch. Physiol. 16, 402–412. doi:10.1111/j.1748-1716.1904.tb01382.x
 Botti, A., Bruni, F., Ricci, M. A., and Soper, A. K. (2006). Eigen versus Zundel Complexes in HCl-Water Mixtures. J. Chem. Phys. 125, 014508. doi:10.1063/1.2212421
 Brändén, M., Sandén, T., Brzezinski, P., and Widengren, J. (2006). Localized Proton Microcircuits at the Biological Membrane-Water Interface. Proc. Natl. Acad. Sci. 103, 19766–19770. doi:10.1073/pnas.0605909103
 Brzezinski, P., and Gennis, R. B. (2008). Cytochrome C Oxidase: Exciting Progress and Remaining Mysteries. J. Bioenerg. Biomembr 40, 521–531. doi:10.1007/s10863-008-9181-7
 Casey, J. R., Grinstein, S., and Orlowski, J. (2010). Sensors and Regulators of Intracellular pH. Nat. Rev. Mol. Cell Biol 11, 50–61. doi:10.1038/nrm2820
 Chapman, H. A., Riese, R. J., and Shi, G.-P. (1997). Emerging Roles for Cysteine Proteases in Human Biology. Annu. Rev. Physiol. 59, 63–88. doi:10.1146/annurev.physiol.59.1.63
 Cherepanov, D. A., Feniouk, B. A., Junge, W., and Mulkidjanian, A. Y. (2003). Low Dielectric Permittivity of Water at the Membrane Interface: Effect on the Energy Coupling Mechanism in Biological Membranes. Biophysical J. 85, 1307–1316. doi:10.1016/s0006-3495(03)74565-2
 Chinopoulos, C., Vajda, S., Csanády, L., Mándi, M., Mathe, K., and Adam-Vizi, V. (2009). A Novel Kinetic Assay of Mitochondrial ATP-ADP Exchange Rate Mediated by the ANT. Biophysical J. 96, 2490–2504. doi:10.1016/j.bpj.2008.12.3915
 Cleland, W. W., Frey, P. A., and Gerlt, J. A. (1998). The Low Barrier Hydrogen Bond in Enzymatic Catalysis. J. Biol. Chem. 273, 25529–25532. doi:10.1074/jbc.273.40.25529
 Cleland, W. W., and Kreevoy, M. M. (1994). Low-barrier Hydrogen Bonds and Enzymic Catalysis. Science 264, 1887–1890. doi:10.1126/science.8009219
 Cleland, W. W. (2000). Low-barrier Hydrogen Bonds and Enzymatic Catalysis. Arch. Biochem. Biophys. 382, 1–5. doi:10.1006/abbi.2000.2011
 Crans, D. C., and Levinger, N. E. (2012). The Conundrum of pH in Water Nanodroplets: Sensing pH in Reverse Micelle Water Pools. Acc. Chem. Res. 45, 1637–1645. doi:10.1021/ar200269g
 Crofts, A. R., Lhee, S., Crofts, S. B., Cheng, J., and Rose, S. (2006). Proton Pumping in the Bc1 Complex: a New Gating Mechanism that Prevents Short Circuits. Biochim. Biophys. Acta (Bba) - Bioenerg. 1757, 1019–1034. doi:10.1016/j.bbabio.2006.02.009
 Crofts, A. R. (2004). The Cytochromebc1Complex: Function in the Context of Structure. Annu. Rev. Physiol. 66, 689–733. doi:10.1146/annurev.physiol.66.032102.150251
 Cukierman, S. (2006). Et Tu, Grotthuss! and Other Unfinished Stories. Biochim. Biophys. Acta (Bba) - Bioenerg. 1757, 876–885. doi:10.1016/j.bbabio.2005.12.001
 Dahms, F., Fingerhut, B. P., Nibbering, E. T. J., Pines, E., and Elsaesser, T. (2017). Large-amplitude Transfer Motion of Hydrated Excess Protons Mapped by Ultrafast 2D IR Spectroscopy. Science 357, 491–495. doi:10.1126/science.aan5144
 Daly, C. A., Streacker, L. M., Sun, Y., Pattenaude, S. R., Hassanali, A. A., Petersen, P. B., et al. (2017). Decomposition of the Experimental Raman and Infrared Spectra of Acidic Water into Proton, Special Pair, and Counterion Contributions. J. Phys. Chem. Lett. 8, 5246–5252. doi:10.1021/acs.jpclett.7b02435
 Damaghi, M., Wojtkowiak, J. W., and Gillies, R. J. (2013). pH Sensing and Regulation in Cancer. Front. Physiol. 4, 370. doi:10.3389/fphys.2013.00370
 De Grotthuss, C. J. T. (2006). Memoir on the Decomposition of Water and of the Bodies that it Holds in Solution by Means of Galvanic Electricity. Biochim. Biophys. Acta (Bba) - Bioenerg. 1757, 871–875. doi:10.1016/j.bbabio.2006.07.004
 Dilley, R. A. (2004). On Why Thylakoids Energize ATP Formation Using Either Delocalized or Localized Proton Gradients - A Ca2+Mediated Role in Thylakoid Stress Responses. Photosynthesis Res. 80, 245–263. doi:10.1023/b:pres.0000030436.32486.aa
 Eaton, W. A., Henry, E. R., Hofrichter, J., and Mozzarelli, A. (1999). Is Cooperative Oxygen Binding by Hemoglobin Really Understood?Nat. Struct. Biol. 6, 351–358. doi:10.1038/7586
 Eigen, M. (1964a). Proton Transfer, Acid-Base Catalysis, and Enzymatic Hydrolysis. Part I: Elementary Processes. Angew. Chem. Int. Ed. Engl. 3, 1–19. doi:10.1002/anie.196400011
 Eigen, M. (1964b). Rate Constants of Protolytic Reactions in Aqueous Solution. Progr. React. Kin. 2, 287–318. 
 Fang, B., Wang, D., Huang, M., Yu, G., and Li, H. (2010). Hypothesis on the Relationship between the Change in Intracellular pH and Incidence of Sporadic Alzheimer's Disease or Vascular Dementia. Int. J. Neurosci. 120, 591–595. doi:10.3109/00207454.2010.505353
 Fenley, A. T., Adams, D. A., and Onufriev, A. V. (2010). Charge State of the Globular Histone Core Controls Stability of the Nucleosome. Biophysical J. 99, 1577–1585. doi:10.1016/j.bpj.2010.06.046
 Ferguson, S. J. (1985). Fully Delocalised Chemiosmotic or Localised Proton Flow Pathways in Energy Coupling?Biochim. Biophys. Acta (Bba) - Rev. Bioenerg. 811, 47–95. doi:10.1016/0304-4173(85)90005-9
 Fournier, J. A., Carpenter, W. B., Lewis, N. H. C., and Tokmakoff, A. (2018). Broadband 2D IR Spectroscopy Reveals Dominant Asymmetric H5O2+ Proton Hydration Structures in Acid Solutions. Nat. Chem 10, 932–937. doi:10.1038/s41557-018-0091-y
 Frey, P. A., Whitt, S. A., and Tobin, J. B. (1994). A Low-Barrier Hydrogen Bond in the Catalytic Triad of Serine Proteases. Science 264, 1927–1930. doi:10.1126/science.7661899
 Gabriel, B., and Teissie, J. (1996). Proton Long-Range Migration along Protein Monolayers and its Consequences on Membrane Coupling. Proc. Natl. Acad. Sci. 93, 14521–14525. doi:10.1073/pnas.93.25.14521
 Goch, W., and Bal, W. (2020). Stochastic or Not? Method to Predict and Quantify the Stochastic Effects on the Association Reaction Equilibria in Nanoscopic Systems. J. Phys. Chem. A. 124, 1421–1428. doi:10.1021/acs.jpca.9b09441
 Gopta, O. A., Cherepanov, D. A., Junge, W., and Mulkidjanian, A. Y. (1999). Proton Transfer from the Bulk to the Bound Ubiquinone QB of the Reaction center in Chromatophores of Rhodobacter Sphaeroides: Retarded Conveyance by Neutral Water. Proc. Natl. Acad. Sci. 96, 13159–13164. doi:10.1073/pnas.96.23.13159
 Gout, E., Boisson, A.-M., Aubert, S., Douce, R., and Bligny, R. (2001). Origin of the Cytoplasmic pH Changes during Anaerobic Stress in Higher Plant Cells. Carbon-13 and Phosphorous-31 Nuclear Magnetic Resonance Studies. Plant Physiol. 125, 912–925. doi:10.1104/pp.125.2.912
 Guardia, E., Skarmoutsos, I., and Masia, M. (2015). Hydrogen Bonding and Related Properties in Liquid Water: A Car-Parrinello Molecular Dynamics Simulation Study. J. Phys. Chem. B 119, 8926–8938. doi:10.1021/jp507196q
 Gutman, M., and Nachliel, E. (1995). The Dynamics of Proton Exchange between Bulk and Surface Groups. Biochim. Biophys. Acta (Bba) - Bioenerg. 1231, 123–138. doi:10.1016/0005-2728(95)00074-s
 Hammes-Schiffer, S. (2006). Hydrogen Tunneling and Protein Motion in Enzyme Reactions. Acc. Chem. Res. 39, 93–100. doi:10.1021/ar040199a
 Hammett, L. P., and Deyrup, A. J. (1932). A Series of Simple Basic Indicators. I. The Acidity Functions of Mixtures of Sulfuric and Perchloric Acids with Water1. J. Am. Chem. Soc. 54, 2721–2739. doi:10.1021/ja01346a015
 Heberle, J., Riesle, J., Thiedemann, G., Oesterhelt, D., and Dencher, N. A. (1994). Proton Migration along the Membrane Surface and Retarded Surface to Bulk Transfer. Nature 370, 379–382. doi:10.1038/370379a0
 Heller, S. T., and Silverstein, T. P. (2020). pKa Values in the Undergraduate Curriculum: Introducing pKa Values Measured in DMSO to Illustrate Solvent Effects. ChemTexts 6, 15. doi:10.1007/s40828-020-00112-z
 Herzberg, O., Chen, C. C., Kapadia, G., McGuire, M., Carroll, L. J., Noh, S. J., et al. (1996). Swiveling-domain Mechanism for Enzymatic Phosphotransfer between Remote Reaction Sites. Proc. Natl. Acad. Sci. 93, 2652–2657. doi:10.1073/pnas.93.7.2652
 Himoe, A., Parks, P. C., and Hess, G. P. (1967). Investigations of the Chymotrypsin-Catalyzed Hydrolysis of Specific Substrates. J. Biol. Chem. 242, 919–929. doi:10.1016/s0021-9258(18)96213-7
 Hirst, J. (2013). Mitochondrial Complex I. Annu. Rev. Biochem. 82, 551–575. doi:10.1146/annurev-biochem-070511-103700
 Isenberg, I. (1979). Histones. Annu. Rev. Biochem. 48, 159–191. doi:10.1146/annurev.bi.48.070179.001111
 Ivanov, S. N., Kozlov, V. A., and Koifman, O. I. (2021). The Hydrated Proton [H(H2O)n]+ as the Basis of Unified Complex Acidity Function Scale $$H_{{\text{o}}}^{{\text{w}}}$$ in Aqueous Solutions of Strong Acids with a Predominant Water Concentration. J. Solution Chem. 50, 630–651. doi:10.1007/s10953-021-01066-7
 Jakdetchai, O., Eberhardt, P., Asido, M., Kaur, J., Kriebel, C. N., Mao, J., et al. (2021). Probing the Photointermediates of Light-Driven Sodium Ion Pump KR2 by DNP-Enhanced Solid-State NMR. Sci. Adv. 7, eabf4213. doi:10.1126/sciadv.abf4213
 Jaworska, A., Malek, K., and Kudelski, A. (2021). Intracellular pH - Advantages and Pitfalls of Surface-Enhanced Raman Scattering and Fluorescence Microscopy - A Review. Spectrochimica Acta A: Mol. Biomol. Spectrosc. 251, 119410. doi:10.1016/j.saa.2020.119410
 Jencks, W. P. (1987). Catalysis in Chemistry and Enzymology. NY: Dover Publications. 
 Jorgensen, W. L., and Madura, J. D. (1985). Temperature and Size Dependence for Monte Carlo Simulations of TIP4P Water. Mol. Phys. 56, 1381–1392. doi:10.1080/00268978500103111
 Junge, W., and Nelson, N. (2015). ATP Synthase. Annu. Rev. Biochem. 84, 631–657. doi:10.1146/annurev-biochem-060614-034124
 Kahana, L., and Shalitin, Y. (1974). Salt Effects on the Properties of α-Chymotrypsin: I. Effects on the Enzymic Activity of Chymotrypsin. Isr. J. Chem. 12, 573–589. doi:10.1002/ijch.197400045
 Kell, D. B. (1979). On the Functional Proton Current Pathway of Electron Transport Phosphorylation. Biochim. Biophys. Acta (Bba) - Rev. Bioenerg. 549, 55–99. doi:10.1016/0304-4173(79)90018-1
 Kirby, A. J. (1997). Efficiency of Proton Transfer Catalysis in Models and Enzymes. Acc. Chem. Res. 30, 290–296. doi:10.1021/ar960056r
 Klinman, J. P., and Kohen, A. (2013). Hydrogen Tunneling Links Protein Dynamics to Enzyme Catalysis. Annu. Rev. Biochem. 82, 471–496. doi:10.1146/annurev-biochem-051710-133623
 Knight, C., and Voth, G. A. (2012). The Curious Case of the Hydrated Proton. Acc. Chem. Res. 45, 101–109. doi:10.1021/ar200140h
 Knowles, J. R. (1991). Enzyme Catalysis: Not Different, Just Better. Nature 350, 121–124. doi:10.1038/350121a0
 Kolmodin, K., and Åqvist, J. (2001). The Catalytic Mechanism of Protein Tyrosine Phosphatases Revisited. FEBS Lett. 498, 208–213. doi:10.1016/s0014-5793(01)02479-6
 Korenchan, D. E., and Flavell, R. R. (2019). Spatiotemporal pH Heterogeneity as a Promoter of Cancer Progression and Therapeutic Resistance. Cancers 11, 1026. doi:10.3390/cancers11071026
 Kotlyar, A. B., Borovok, N., Kiryati, S., Nachliel, E., and Gutman, M. (1994). The Dynamics of Proton Transfer at the C Side of the Mitochondrial Membrane: Picosecond and Microsecond Measurements. Biochemistry 33, 873–879. doi:10.1021/bi00170a004
 Kraut, D. A., Carroll, K. S., and Herschlag, D. (2003). Challenges in Enzyme Mechanism and Energetics. Annu. Rev. Biochem. 72, 517–571. doi:10.1146/annurev.biochem.72.121801.161617
 Kühlbrandt, W., and Davies, K. M. (2016). Rotary ATPases: a New Twist to an Ancient Machine. Trends Biochem. Sci. 41, 106–116. doi:10.1016/j.tibs.2015.10.006
 Lake, J. A. (1988). Origin of the Eukaryotic Nucleus Determined by Rate-Invariant Analysis of rRNA Sequences. Nature 331, 184–186. doi:10.1038/331184a0
 Lanyi, J. K. (2004). Bacteriorhodopsin. Annu. Rev. Physiol. 66, 665–688. doi:10.1146/annurev.physiol.66.032102.150049
 Lapid, H., Agmon, N., Petersen, M. K., and Voth, G. A. (2005). A Bond-Order Analysis of the Mechanism for Hydrated Proton Mobility in Liquid Water. J. Chem. Phys. 122, 014506. doi:10.1063/1.1814973
 Lee, H.-S., and Tuckerman, M. E. (2009). Ab Initio Molecular Dynamics Studies of the Liquid−Vapor Interface of an HCl Solution. J. Phys. Chem. A. 113, 2144–2151. doi:10.1021/jp809236c
 Lee, J. W. (2020b). Protonic Capacitor: Elucidating the Biological Significance of Mitochondrial Cristae Formation. Sci. Rep. 10, 10304–10314. doi:10.1038/s41598-020-66203-6
 Lee, J. W. (2020a). Isothermal Environmental Heat Energy Utilization by Transmembrane Electrostatically Localized Protons at the Liquid-Membrane Interface. ACS omega 5, 17385–17395. doi:10.1021/acsomega.0c01768
 Luck, W. A. P. (1980). A Model of Hydrogen-Bonded Liquids. Angew. Chem. Int. Ed. Engl. 19, 28–41. doi:10.1002/anie.198000281
 Maréchal, Y. (2004). Water and Biomolecules: an Introduction. J. Mol. Struct. 700, 207–210. doi:10.1016/j.molstruc.2003.11.057
 Markovitch, O., and Agmon, N. (2007). Structure and Energetics of the Hydronium Hydration Shells. J. Phys. Chem. A. 111, 2253–2256. doi:10.1021/jp068960g
 Markovitch, O., Chen, H., Izvekov, S., Paesani, F., Voth, G. A., and Agmon, N. (2008). Special Pair Dance and Partner Selection: Elementary Steps in Proton Transport in Liquid Water. J. Phys. Chem. B 112, 9456–9466. doi:10.1021/jp804018y
 Marx, D., Tuckerman, M. E., Hutter, J., and Parrinello, M. (1999). The Nature of the Hydrated Excess Proton in Water. Nature 397, 601–604. doi:10.1038/17579
 Meister, E. C., Willeke, M., Angst, W., Togni, A., and Walde, P. (2014). Confusing Quantitative Descriptions ofBrønsted LowryAcid Base Equilibria in Chemistry Textbooks - A Critical Review and Clarifications for Chemical Educators. Hca 97, 1–31. doi:10.1002/hlca.201300321
 Méndez, E. (2008). Biochemical Thermodynamics under Near Physiological Conditions. Biochem. Mol. Biol. Educ. 36, 116–119. doi:10.1002/bmb.20157
 Méndez, E., and Cerdá, M. F. (2016). Discovering Reliable Sources of Biochemical Thermodynamic Data to Aid Students' Understanding. J. Chem. Educ. 93, 555–559. doi:10.1021/acs.jchemed.5b00412
 Menegus, F., Cattaruzza, L., Mattana, M., Beffagna, N., and Ragg, E. (1991). Response to Anoxia in Rice and Wheat Seedlings. Plant Physiol. 95, 760–767. doi:10.1104/pp.95.3.760
 Menger, F. M. (2005). An Alternative View of Enzyme Catalysis. Pure Appl. Chem. 77, 1873–1886. doi:10.1351/pac200577111873
 Menger, F. M. (1993). Enzyme Reactivity from an Organic Perspective. Acc. Chem. Res. 26, 206–212. doi:10.1021/ar00028a011
 Mitchell, P. (1966). Chemiosmotic Coupling in Oxidative and Photosynthetic Phosphorylation. Biol. Rev. 41, 445–501. doi:10.1111/j.1469-185x.1966.tb01501.x
 Mitchell, P. (1961). Coupling of Phosphorylation to Electron and Hydrogen Transfer by a Chemi-Osmotic Type of Mechanism. Nature 191, 144–148. doi:10.1038/191144a0
 Morelli, A. M., Ravera, S., and Panfoli, I. (2020). The Aerobic Mitochondrial ATP Synthesis from a Comprehensive point of View. Open Biol. 10, 200224. doi:10.1098/rsob.200224
 Mulkidjanian, A. Y., Cherepanov, D. A., Heberle, J., and Junge, W. (2005). Proton Transfer Dynamics at Membrane/water Interface and Mechanism of Biological Energy Conversion. Biochemistry (Moscow) 70, 251–256. doi:10.1007/s10541-005-0108-1
 Mulkidjanian, A. Y., Dibrov, P., and Galperin, M. Y. (2008). The Past and Present of Sodium Energetics: May the Sodium-Motive Force Be with You. Biochim. Biophys. Acta (Bba) - Bioenerg. 1777, 985–992. doi:10.1016/j.bbabio.2008.04.028
 Mulkidjanian, A. Y., Heberle, J., and Cherepanov, D. A. (2006). Protons @ Interfaces: Implications for Biological Energy Conversion. Biochim. Biophys. Acta (Bba) - Bioenerg. 1757, 913–930. doi:10.1016/j.bbabio.2006.02.015
 Nachliel, E., and Gutman, M. (1996). Quantitative Evaluation of the Dynamics of Proton Transfer from Photoactivated Bacteriorhodopsin to the Bulk. FEBS Lett. 393, 221–225. doi:10.1016/0014-5793(96)00870-8
 Nagel, Z. D., and Klinman, J. P. (2006). Tunneling and Dynamics in Enzymatic Hydride Transfer. Chem. Rev. 106, 3095–3118. doi:10.1021/cr050301x
 Nagle, J. F., and Morowitz, H. J. (1978). Molecular Mechanisms for Proton Transport in Membranes. Proc. Natl. Acad. Sci. 75, 298–302. doi:10.1073/pnas.75.1.298
 Nath, S. (2006). A Novel Systems Biology/engineering Approach Solves Fundamental Molecular Mechanistic Problems in Bioenergetics and Motility. Process Biochem. 41, 2218–2235. doi:10.1016/j.procbio.2006.07.003
 Nelson, D. L., Lehninger, A. L., and Cox, M. M. (2013). Lehninger Principles of Biochemistry. 6th ed. NY: W. H. Freeman, 207. 
 Nilsson, T., Lundin, C. R., Nordlund, G., Ädelroth, P., von Ballmoos, C., and Brzezinski, P. (2016). Lipid-mediated Protein-Protein Interactions Modulate Respiration-Driven ATP Synthesis. Sci. Rep. 6, 24113. doi:10.1038/srep24113
 Pace, C. N., Grimsley, G. R., and Scholtz, J. M. (2009). Protein Ionizable Groups: pK Values and Their Contribution to Protein Stability and Solubility. J. Biol. Chem. 284, 13285–13289. doi:10.1074/jbc.R800080200
 Perutz, M. F., Fermi, G., and Shih, T. B. (1984). Structure of Deoxyhemoglobin Cowtown [His HC3(146) BetaLeu]: origin of the alkaline Bohr effect and electrostatic interactions in hemoglobin. Proc. Natl. Acad. Sci. 81, 4781–4784. doi:10.1073/pnas.81.15.4781
 Perutz, M. F., Gronenborn, A. M., Clore, G. M., Fogg, J. H., and Shih, D. T.-b. (1985). The pKa values of two histidine residues in human haemoglobin, the Bohr effect, and the dipole moments of α-helices. J. Mol. Biol. 183, 491–498. doi:10.1016/0022-2836(85)90016-6
 Perutz, M. F. (1970). Stereochemistry of Cooperative Effects in Haemoglobin: Haem-Haem Interaction and the Problem of Allostery. Nature 228, 726–734. doi:10.1038/228726a0
 Pouysségur, J., Franchi, A., L’Allemain, G., and Paris, S. (1985). Cytoplasmic pH, a key determinant of growth factor-induced DNA synthesis in quiescent fibroblasts. FEBS Lett. 190, 115–119. doi:10.1016/0014-5793(85)80439-7
 Poznanski, J., Szczesny, P., Ruszczyńska, K., Zielenkiewicz, P., and Paczek, L. (2013). Proteins contribute insignificantly to the intrinsic buffering capacity of yeast cytoplasm. Biochem. Biophysical Res. Commun. 430, 741–744. doi:10.1016/j.bbrc.2012.11.079
 Quach, C. H. T., Jung, K.-H., Lee, J. H., Park, J. W., Moon, S. H., Cho, Y. S., et al. (2016). Mild alkalization acutely triggers the Warburg effect by enhancing hexokinase activity via voltage-dependent anion channel binding. PloS one 11, e0159529. doi:10.1371/journal.pone.0159529
 Raven, J. A., and Smith, F. A. (1976). The evolution of chemiosmotic energy coupling. J. Theor. Biol. 57, 301–312. doi:10.1016/0022-5193(76)90003-5
 Record, M. T., Anderson, C. F., and Lohman, T. M. (1978). Thermodynamic analysis of ion effects on the binding and conformational equilibria of proteins and nucleic acids: the roles of ion association or release, screening, and ion effects on water activity. Quart. Rev. Biophys. 11, 103–178. doi:10.1017/s003358350000202x
 Reed, C. A. (2013). Myths about the proton. The nature of H+ in condensed media. Acc. Chem. Res. 46, 2567–2575. doi:10.1021/ar400064q
 Reed, C. A. (2021). Personal Communication. APA. 
 Rieger, B., Junge, W., and Busch, K. B. (2014). Lateral pH gradient between OXPHOS complex IV and F(0)F(1) ATP-synthase in folded mitochondrial membranes. Nat. Commun. 5, 3103–3107. doi:10.1038/ncomms4103
 Roberts, J. K., Callis, J., Wemmer, D., Walbot, V., and Jardetzky, O. (1984). Mechanisms of cytoplasmic pH regulation in hypoxic maize root tips and its role in survival under hypoxia. Proc. Natl. Acad. Sci. 81, 3379–3383. doi:10.1073/pnas.81.11.3379
 Saint-Ges, V., Roby, C., Bligny, R., Pradet, A., and Douce, R. (1991). Kinetic studies of the variations of cytoplasmic pH, nucleotide triphosphates (31P-NMR) and lactate during normoxic and anoxic transitions in maize root tips. Eur. J. Biochem. 200, 477–482. doi:10.1111/j.1432-1033.1991.tb16207.x
 Sawada, T., Yoshizawa, M., Sato, S., and Fujita, M. (2009). Minimal nucleotide duplex formation in water through enclathration in self-assembled hosts. Nat. Chem 1, 53–56. doi:10.1038/nchem.100
 Sazanov, L. A. (2015). A giant molecular proton pump: structure and mechanism of respiratory complex I. Nat. Rev. Mol. Cell Biol 16, 375–388. doi:10.1038/nrm3997
 Schobert, B., and Lanyi, J. K. (1982). Halorhodopsin is a light-driven chloride pump. J. Biol. Chem. 257, 10306–10313. doi:10.1016/s0021-9258(18)34020-1
 Schönichen, A., Webb, B. A., Jacobson, M. P., and Barber, D. L. (2013). Considering protonation as a posttranslational modification regulating protein structure and function. Annu. Rev. Biophys. 42, 289–314. doi:10.1146/annurev-biophys-050511-102349
 Schwartz, J. P., Passonneau, J. V., Johnson, G. S., and Pastan, I. (1974). The Effect of Growth Conditions on NAD+ and NADH Concentrations and the NAD+:NADH Ratio in Normal and Transformed Fibroblasts. J. Biol. Chem. 249, 4138–4143. doi:10.1016/s0021-9258(19)42494-0
 Schwartz, L., Peres, S., Jolicoeur, M., and da Veiga Moreira, J. (2020). Cancer and Alzheimer's disease: intracellular pH scales the metabolic disorders. Biogerontology 21, 683–694. doi:10.1007/s10522-020-09888-6
 Shahbazian, M. D., and Grunstein, M. (2007). Functions of site-specific histone acetylation and deacetylation. Annu. Rev. Biochem. 76, 75–100. doi:10.1146/annurev.biochem.76.052705.162114
 Shevchuk, R., Agmon, N., and Rao, F. (2014). Network analysis of proton transfer in liquid water. J. Chem. Phys. 140, 244502. doi:10.1063/1.4884455
 Shinobu, A., and Agmon, N. (2009). Mapping proton wires in proteins: carbonic anhydrase and GFP chromophore biosynthesis. J. Phys. Chem. A. 113, 7253–7266. doi:10.1021/jp8102047
 Shinobu, A., and Agmon, N. (2015). The hole in the barrel: water exchange at the GFP chromophore. J. Phys. Chem. B 119, 3464–3478. doi:10.1021/jp5127255
 Shinobu, A., Palm, G. J., Schierbeek, A. J., and Agmon, N. (2010). Visualizing proton antenna in a high-resolution green fluorescent protein structure. J. Am. Chem. Soc. 132, 11093–11102. doi:10.1021/ja1010652
 Shon, M. J., and Cohen, A. E. (2012). Mass action at the single-molecule level. J. Am. Chem. Soc. 134, 14618–14623. doi:10.1021/ja3062425
 Silverstein, T. (1989). Evolution of ATPases. Trends Biochem. Sci. 14, 480. doi:10.1016/0968-0004(89)90177-1
 Silverstein, T. P. (2014). An exploration of how the thermodynamic efficiency of bioenergetic membrane systems varies with c-subunit stoichiometry of F1F0 ATP synthases. J. Bioenerg. Biomembr. 46, 229–241. doi:10.1007/s10863-014-9547-y
 Silverstein, T. P., and Heller, S. T. (2017). pKa Values in the Undergraduate Curriculum: What Is the Real pKa of Water?J. Chem. Educ. 94, 690–695. doi:10.1021/acs.jchemed.6b00623
 Silverstein, T. P. (2021). How enzymes harness highly unfavorable proton transfer reactions. Protein Sci. 30, 735–744. doi:10.1002/pro.4037
 Silverstein, T. P., and Slade, K. (2019). Effects of Macromolecular Crowding on Biochemical Systems. J. Chem. Educ. 96, 2476–2487. doi:10.1021/acs.jchemed.9b00399
 Sjöholm, J., Bergstrand, J., Nilsson, T., Šachl, R., Ballmoos, C. v., Widengren, J., et al. (2017). The lateral distance between a proton pump and ATP synthase determines the ATP-synthesis rate. Sci. Rep. 7, 2926. doi:10.1038/s41598-017-02836-4
 Sofronov, O. O., and Bakker, H. J. (2020). Slow proton transfer in nanoconfined water. ACS Cent. Sci. 6, 1150–1158. doi:10.1021/acscentsci.0c00340
 Springer, A., Hagen, V., Cherepanov, D. A., Antonenko, Y. N., and Pohl, P. (2011). Protons migrate along interfacial water without significant contributions from jumps between ionizable groups on the membrane surface. Proc. Natl. Acad. Sci. 108, 14461–14466. doi:10.1073/pnas.1107476108
 Stewart, A. G., Laming, E. M., Sobti, M., and Stock, D. (2014). Rotary ATPases-dynamic molecular machines. Curr. Opin. Struct. Biol. 25, 40–48. doi:10.1016/j.sbi.2013.11.013
 Stoyanov, E. S., Stoyanova, I. V., and Reed, C. A. (2010). The Structure of the Hydrogen Ion (Haq+) in Water. J. Am. Chem. Soc. 132, 1484–1485. doi:10.1021/ja9101826
 Stoyanov, E. S., Stoyanova, I. V., and Reed, C. A. (2011). The unique nature of H+in water. Chem. Sci. 2, 462–472. doi:10.1039/c0sc00415d
 Sun, D. P., Zou, M., Ho, N. T., and Ho, C. (1997). Contribution of Surface Histidyl Residues in the α-Chain to the Bohr Effect of Human Normal Adult Hemoglobin: Roles of Global Electrostatic Effects. Biochemistry 36, 6663–6673. doi:10.1021/bi963121d
 Swietach, P. (2019). What is pH regulation, and why Do cancer cells need it?Cancer Metastasis Rev. 38, 5–15. doi:10.1007/s10555-018-09778-x
 Thämer, M., De Marco, L., Ramasesha, K., Mandal, A., and Tokmakoff, A. (2015). Ultrafast 2D IR spectroscopy of the excess proton in liquid water. Science 350, 78–82. doi:10.1126/science.aab3908
 Toth, A., Meyrat, A., Stoldt, S., Santiago, R., Wenzel, D., Jakobs, S., et al. (2020). Kinetic coupling of the respiratory chain with ATP synthase, but Not proton gradients, drives ATP production in cristae membranes. Proc. Natl. Acad. Sci. U.S.A. 117, 2412–2421. doi:10.1073/pnas.1917968117
 Tse, Y.-L. S., Chen, C., Lindberg, G. E., Kumar, R., and Voth, G. A. (2015). Propensity of Hydrated Excess Protons and Hydroxide Anions for the Air-Water Interface. J. Am. Chem. Soc. 137, 12610–12616. doi:10.1021/jacs.5b07232
 Tu, C., Qian, M., Earnhardt, J. N., Laipis, P. J., and Silverman, D. N. (1998). Properties of intramolecular proton transfer in carbonic anhydrase III. Biophysical J. 74, 3182–3189. doi:10.1016/s0006-3495(98)78024-5
 Vácha, R., Buch, V., Milet, A., Devlin, J. P., and Jungwirth, P. (2007). Autoionization at the surface of neat water: is the top layer pH neutral, basic, or acidic?Phys. Chem. Chem. Phys. 9, 4736–4747. doi:10.1039/b704491g
 von Grotthuß, T. (1805). Mémoire sur la décomposition de l’eau et des corps qu’elle tient en dissolution à l’aide de l’électricité galvanique. Rome: unidentified publisher. 
 Warshel, A. (1991). Computer Modeling of Chemical Reactions in Enzymes and Solutions. NY: Wiley Online Library. 
 Warshel, A. (1998). Electrostatic origin of the catalytic power of enzymes and the role of preorganized active sites. J. Biol. Chem. 273, 27035–27038. doi:10.1074/jbc.273.42.27035
 Weichselbaum, E., Österbauer, M., Knyazev, D. G., Batishchev, O. V., Akimov, S. A., Hai Nguyen, T., et al. (2017). Origin of proton affinity to membrane/water interfaces. Sci. Rep. 7, 4553–4558. doi:10.1038/s41598-017-04675-9
 Wickstrand, C., Nogly, P., Nango, E., Iwata, S., Standfuss, J., and Neutze, R. (2019). Bacteriorhodopsin: structural insights revealed using X-ray lasers and synchrotron radiation. Annu. Rev. Biochem. 88, 59–83. doi:10.1146/annurev-biochem-013118-111327
 Wikström, M., and Sharma, V. (2018). Proton pumping by cytochrome c oxidase - A 40 year anniversary. Biochim. Biophys. Acta (Bba) - Bioenerg. 1859, 692–698. doi:10.1016/j.bbabio.2018.03.009
 Williams, R. J. P. (1961). Possible functions of chains of catalysts. J. Theor. Biol. 1, 1–17. doi:10.1016/0022-5193(61)90023-6
 Williams, R. J. P. (1978). The multifarious couplings of energy transduction. Biochim. Biophys. Acta (Bba) - Rev. Bioenerg. 505, 1–44. doi:10.1016/0304-4173(78)90007-1
 Wirth, C., Brandt, U., Hunte, C., and Zickermann, V. (2016). Structure and function of mitochondrial complex I. Biochim. Biophys. Acta (Bba) - Bioenerg. 1857, 902–914. doi:10.1016/j.bbabio.2016.02.013
 Woese, C. R., and Fox, G. E. (1977). Phylogenetic structure of the prokaryotic domain: the primary kingdoms. Proc. Natl. Acad. Sci. 74, 5088–5090. doi:10.1073/pnas.74.11.5088
 Wraight, C. A. (2006). Chance and design-Proton transfer in water, channels and bioenergetic proteins. Biochim. Biophys. Acta (Bba) - Bioenerg. 1757, 886–912. doi:10.1016/j.bbabio.2006.06.017
 Zhang, C., Knyazev, D. G., Vereshaga, Y. A., Ippoliti, E., Nguyen, T. H., Carloni, P., et al. (2012). Water at hydrophobic interfaces delays proton surface-to-bulk transfer and provides a pathway for lateral proton diffusion. Proc. Natl. Acad. Sci. 109, 9744–9749. doi:10.1073/pnas.1121227109
 Zundel, G. (1969). Hydration structure and intermolecular interaction in polyelectrolytes. Angew. Chem. Int. Ed. Engl. 8, 499–509. doi:10.1002/anie.196904991
 Żurawik, T. M., Pomorski, A., Belczyk-Ciesielska, A., Goch, G., Niedźwiedzka, K., Kucharczyk, R., et al. (2016). Revisiting Mitochondrial pH with an Improved Algorithm for Calibration of the Ratiometric 5(6)-carboxy-SNARF-1 Probe Reveals Anticooperative Reaction with H+ Ions and Warrants Further Studies of Organellar pH. PloS one 11, e0161353. doi:10.1371/journal.pone.0161353
Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Silverstein. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_20.gif
(20)





OPS/images/math_2.gif
(2)





OPS/images/math_22.gif
CeHi20s + 2ADP™ + 2HOP™ = 2GHsO5 + 2ATP™ + 2H,0
(22)





OPS/images/math_21.gif
CeH,0p = 2C,H-O" + 2H"





OPS/images/math_17.gif
ALPIT 0: ILALY + 150 = 1LAUP + IO,

Around pH3: HAATP™ + H,0 — H,ADP™ + H,PO;
Around pH'5: HATP* + H,O — HADP* + H,PO;
Above pH7: ATP™ + H.O — ADP™ + HPO + H'

(17)






OPS/images/math_16.gif
AG

AG® + RTIn(Q')





OPS/images/math_19.gif
M, = mwnm(‘ 1‘") 2Fay - 2.303RTApH

[H Lo,
(19)





OPS/images/math_18.gif
+ H,O + H' = H,ADP + H.PO, (18)







OPS/images/math_13.gif
v = (opt.pH)
NS sty OF)






OPS/images/math_12.gif
5 el A Loy )
= el Ko (HA)Ka (HB' 12)
Kan= AL TBL. (HA/Ka(HB)  (12)






OPS/images/math_15.gif
pyruvate]INADH] _ _ 61*1
(lactate] [NAD*]  4080%550

=27 x10° (15






OPS/images/logo.jpg
, frontiers o
in Molecular Biosciences





OPS/images/math_1.gif





OPS/images/inline_9.gif





OPS/images/math_11.gif





OPS/images/math_10.gif
= H00)+H:0 (10)






OPS/images/inline_4.gif





OPS/images/inline_8.gif





OPS/images/inline_7.gif





OPS/images/inline_14.gif





OPS/images/inline_13.gif





OPS/images/inline_2.gif





OPS/images/inline_15.gif





OPS/images/fmolb-08-764099-t004.jpg
Avg. : s.d Range

[Lactate], pM 4,080 £ 2,600 1,400-10,400
[Pyruvate], M 6143 20-168
[NAD"Jree/INADH} e 550 + 300 240-1,300





OPS/xhtml/nav.xhtml
Contents

		Cover

		The Proton in Biochemistry: Impacts on Bioenergetics, Biophysical Chemistry, and Bioorganic Chemistry		1 Introduction		1.1 H+ Concentration (pH) in Chemistry and Biology

		1.2 Does Size Matter? Protons in Nanoscale Spaces

		1.3 Acid Strength (pKa) in Chemistry and Biology





		2 Discussion 1: Proton Transfer in Water, Proteins, and Organelles		2.1 Structure of the Hydrated Proton: Eigen vs. Zundel

		2.2 Protons at the Interface

		2.3 Proton Transfer and Mobility in Water

		2.4 Proton Transfer and Mobility in Proteins





		3 Discussion 2: Key Biochemical Reactions Influenced by pH and H+		3.1 Protein Side Chain Protonation, Salt Bridge Formation, and Ligand Binding

		3.2 Impact of H+ on Biochemical Kinetics: Chymotrypsin

		3.3 Michaelis-Menten Kinetics and the Enzyme Activity pH Profile

		3.4 Nonspontaneous Proton Transfer Reactions can Be Catalytically Useful

		3.5 Impact of H+ on Biochemical Thermodynamics





		Author Contributions

		Publisher’s Note

		Acknowledgments

		Footnotes

		References









OPS/images/fmolb-08-764099-t003.jpg
D (R%/ps)* D (A%/ps)®

H* in bulk water 0.93 H* in cytoplasm 0.04-0.22
H* along membrane surfface  0.58 H* in gramicidin A° 03
Cs" in buk water 0205  Cs'ingramicidnA 0015
H,O in bulk water 023 HoO in gramicidin A 0.02
H-0 in cytoplasm 02-05

*Equivalent to multiplying cm?/s by 10°.
“Gramicidin A s a naturally secreted pentadecapeptide antibiotic that folds into a f-helx
G cesiimii o B e R e S i ey





OPS/images/inline_12.gif





OPS/images/inline_1.gif





OPS/images/fmolb-08-764099-t002.jpg
Amino acid K, range (low—high) ~ Average pK, Nominal® pK,

Asp-COOH 05-92 35+12 39
Glu-COOH 2.1-88 42+09 4.3
His-imid = NH* 2492 66+ 1.0 6.5
Cys-SH 25111 6827 8.6
Tyr-OH 6.1-12.1 103+1.2 9.8
Lys-NH5* 5.7-12.1 105+ 1.1 104
C-terminus-COOH 24-59 33+08 37
N-terminus-NHgz " 6.8-9.1 77+05 8.0

a\Measured for the amino acid inserted in an alanine pentapeptide.





OPS/images/fmolb-08-764099-t001.jpg
Compartment pH Compartment pH?
Extracelular space 74 Early endosomes 5864
Cytoplasm 71-73 Late endosomes 54-58
Nucleus 72-73 Secretory granules 55
Endoplasmic reticulum 73 Lysosomes 45-5.0
Cis Golgi lumen 6.7 Mitochondrial matrix 7.3-8.1°
Trans Golgi lumen 6.0 Mitochondrial intermembrane space 6.6-7.2°
Peroxisomes 70 Chioroplast stroma 8

Thylakoid disk lumen 5.5-6

"Measured pH values from (Casey et al, 2010) and (Jaworska et al, 2021).
“pH measurements in mitochonaiia have improved over the years, correcting for various systematic errors. Recent measurements have clustered around 7.3-7.6 in the matrix, and
7.1-7.2 in the intermembrane space.





OPS/images/crossmark.jpg
©

|





OPS/images/fmolb-08-764099-g005.gif





OPS/images/fmolb-08-764099-g006.gif





OPS/images/fmolb-08-764099-g003.gif





OPS/images/math_4.gif
HX—=H'+X Kx = [H],[X ] /[HX] = 107" (4)





OPS/images/fmolb-08-764099-g004.gif
LA, AGYV
e
N

XX

(BT

Y

£





OPS/images/fmolb-08-764099-gx001.gif





OPS/images/fmolb-08-764099-g007.gif





OPS/images/fmolb-08-764099-g008.gif





OPS/images/cover.jpg
frontiers
In Molecular Biosciences

The Proton in Biochemistry:
Impacts on Bioenergetics,
Biophysical Chemistry, and
Bioorganic Chemistry





OPS/images/math_9.gif
A
pH = pK, + log( L.

©





OPS/images/fmolb-08-764099-g001.gif
A &
wos [ Nuom, S d
ot 3 M)
b 0010 |t s 1010,
Py}
Ron

ResdStoganor caton: 10100
rsemter .y






OPS/images/math_6.gif
X"+ H.P] = HX + HP"

®






OPS/images/fmolb-08-764099-g002.gif





OPS/images/math_5.gif
HPP = H'+HP™  Kep = [H'][HPT )/ [HoP =






OPS/images/math_8.gif
I Lo ] e T
ann  [HA),

®





OPS/images/math_7.gif
(7)





OPS/images/math_3.gif
== ay.-aon- = [H'OHT] (3






OPS/images/math_23.gif





