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Abstract

Biological macromolecules evolved to perform their function in specific cellular environment
(subcellular compartments or tissues); therefore, they should be adapted to the biophysical
characteristics of the corresponding environment, one of them being the characteristic pH. Many
macromolecular properties are pH dependent, such as activity and stability. However, only activity
is biologically important, while stability may not be crucial for the corresponding reaction. Here
we show that the pH-optimum of activity (the pH of maximal activity) is correlated with the pH-
optimum of stability (the pH of maximal stability) on a set of 310 proteins with available
experimental data. We speculate that such a correlation is needed to allow the corresponding
macromolecules to tolerate small pH fluctuations that are inevitable with cellular function. Our
findings rationalize the efforts of correlating the pH of maximal stability and the characteristic pH
of subcellular compartments, since only pH of activity is subject of evolutionary pressure. In
addition, our analysis confirmed the previous observation that pH-optimum of activity and
stability are not correlated with the isoelectric point, pl, or with the optimal temperature.
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Introduction

Virtually every biological process is pH dependent reflecting the importance of the local pH
on all processes in the cell. Thus, many biologically relevant effects are greatly influenced
by the pH of the water phase including subcellular translocation 1, functional pH-
dependence 2 and structural conformations associated with the function 3:4. The role of the
concentration of hydrogen ions on protein stability is demonstrated by acidic/basic unfolding
578 and protein pH-dependent stability 9714. Changes in pH are shown to trigger formation
of amyloid fibers and aggregation 15719. Protein-protein 20722, protein-ligand 21:23:24,
protein-membrane 25728 and peptide-membrane 29 associations are greatly affected by the
pH as well. pH is a significant factor for DNA-nanoparticles 30, DNA-metal ions 31:32 and
DNA binding 33 interactions. It also plays an important role in pH-dependent drug
optimization 34:35 and pH-dependent drug molecules aggregation 36. These examples
demonstrate the crucial role of the pH of the water phase on the biological processes
involving macromolecules and their assemblages.

Among the pH-dependent properties of macromolecules, two are of particular interest, the
activity and the stability, because they reflect different sides of the same coin. From
biological and evolutional perspective, the activity is important, while the stability may not
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be. However, in order to carry out their function, macromolecules should be stable in most
cases. Therefore the pH-dependence of stability may be indirectly related to the pH-
dependence of activity since structural integrity should evolve with the function.

The pH-dependence of activity and stability is typically a bell-shaped curve with a single or
several maxima and the maximum (maxima) is termed pH-optimum. The pH-optimum
serves as a convenient metric for pH-dependent properties of macromolecules which can be
used to characterize macromolecular adaptation to cellular and subcellular pH. In a recent
review 37, Garcia-Moreno summarizes the progress made in this area and outlines basic
phenomena associated with subcellular adaptation, in particular, the role of subcellular pH.
Among the most successful works is the study of Warwicker and coworkers 38 that
benchmarked the pH of maximal stability of monomeric proteins against characteristic pH
of the organelles and a very good correlation was obtained. Our earlier studies 39 explored
the idea of the similarity of pH-optimum of proteins known to bind to each other, since in
order to interact, two proteins must co-occur spatially and thus tolerate the same
microenvironment. This idea was recently used by other researchers to match entries in two
databases: the protein-protein interactions and subcellular location, and a substantial overlap
was reported 40. Recently another study of Warwicker and coworkers demonstrated that
there is a constraint pH-dependence of stability which is related to the local pH where the
proteins function. 41

The adaptation of biomolecules to the subcellular environment was also studied using
bioinformatics approaches. Some methods used only sequence information to predict protein
location by means of either entire amino sequence composition 42 or just the N-terminus 43.
Other methods introduced the concept of pseudo-amino acid composition as it was done by
Chou and co-workers 44. Bioinformatics approaches, utilizing machine learning, were also
applied to predict subcellular location by Chou and co-workers 45 and Rost and co-workers
46:47. Text-based approaches either alone 48:49 or integrated with amino acid sequence
information 50 were reported as well. Other researchers used Bayesian networks 51,
integrated-algorithm predictor utilizing Minimum Redundancy Maximum Relevance 52,
support vector machine 53, and optimally weighted fuzzy k-NN algorithm 54. The list of
approaches can be extended to include many other methods 55758, but the common feature
among them is that they are machine learning or text matching algorithms.

Despite the reported successes to predict subcellular localization of macromolecules
applying either biophysical or machine learning methods, it is still unclear why they are
successful, since neither approach uses functional characteristics to make the predictions.
The adaptation or the evolutionary pressure toward a particular subcellular environment
should affect the function, not the stability or other structural or amino acid sequence
features of the corresponding protein. With the present study we address this issue and
demonstrate, using only experimental data, the pH-optimum of activity is correlated with
pH-optimum of stability. Thus, the structural and amino acid sequence features evolve
towards a particular subcellular environment by following the adaptation of functional
properties of the corresponding protein.

Benchmarking set

The benchmarking set was created using the BRENDA database
(http://www.brenda-enzymes.org/)59:60. The goal was to extract proteins which had their
pH of maximal activity and stability experimentally measured and, if possible, their
subcellular location, optimal temperature, and molecular weight. The initial selection was
done using the advanced search option of BRENDA. Under the “Search in text fields” field,
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the input was Localization, exact, and “*”” was entered into the search field so that no data
with a specified localization would be left out. In the “Search in numeric fields” field, we
selected two inputs: pH optimum of activity and pH optimum of stability. The qualifier was
chosen to be between. For pH stability, the entire range of pH (0.0-14.0) was given in order
to include all results with the pH of optimum stability reported. The numeric field for pH
optimum of activity was varied in windows 0.5 pH units wide (i.e. 0-0.5; etc.). This resulted
in 4242 hits over the entire pH interval (0.0-14.0).

To assure the correctness of collected data we manually reviewed several cases and
unfortunately we found that frequently the pH of maximal stability is extracted from
publications that report only either the upper or lower pH at which the corresponding protein
is still stable. A typical example is extracting the pH of maximal stability of 8.0 from a paper
that states that the “protein was stable up to pH 8.0”. Definitely, such a pH is not optimal.
Another typical case was found when BRENDA reports the pH of maximal stability using
pH of maximal activity. These and other similar observations forced us to perform manual
purging of the initial benchmarking set. It was done applying the manual strategy of
reviewing the associated publications. To make our work feasible, only entries extracting
data from the same references for at least two search fields were retained. Thus if at least
two of the fields had an entry with a consistent reference then the publication was scanned
manually. More often than not, the links to publications led to dead end due to the fact that
the article is not available over an electronic source or that it was not available over the
PubMed server. For all cases where all available entries returned “PubMed abstract not
available” the hit was discarded. If a reference was not linked to an accessible paper, the
data from those entries was discarded as well. This criteria was implemented in order to
produce a data set that we were confident had the correct values. If there was any doubt that
the value reported on the BRENDA database was extracted incorrectly, it was discarded. In
essence, the BRENDA database served as a sorting mechanism to find the data that fit
rigorous criteria. All abstracts and available publications were scanned manually for the data
reported by the database.

Frequently the database would report multiple entries with contradictory results or rather
with non-specific results. For such cases this data was discarded. This data was discarded
because there was no justification found within the publication nor was the data specific. In
many cases the data reported sometimes just reflected at what pH the experiment was done
at. This is obviously not reliable data, and all such cases were removed.

In many cases we collected data that was relevant over a range. Sometimes there was a pH
of optimum activity that was reported as a narrow range or a pH of optimum stability that
was reported over wide but specific ranges. In these cases the data was recorded as it was
reported. Often times for the stability of a protein, there is a plateau at a range of pH. In
these cases there is no clear optimum, so the middle of the distribution was taken to be the
pH of optimum stability. Sometimes the publications reported a very large range but in the
graphs demonstrating the stability over a range of pH there was a clear peak. In any such
cases, the peak was reported here as the pH of optimum stability.

In other cases, there were multiple peaks reported for the pH of optimum activity. The
presence of multiple peaks was due to the different substrates used and the different reaction
pathways that were studied. In these cases, if there were different values of pH for the
forward and reverse reaction pathways, the pH reported for the forward reaction pathway
was reported here. In the cases where there were multiple substrates for the proteins to bind
with, we took the average of the pH of optimum activity.
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The purging resulted in a benchmarking data set of experimentally determined pH of
maximal activity and stability made of 380 proteins some of them accompanied with
isolectric point, optimal temperature and molecular weight. Due to the purging procedure
some of the entries do not have all properties. The entries that have both pH of optimal
activity and stability are 310. This data set is large enough to ensure the statistical
significance of the results. The table is provided in the supplementary materials.

Benchmarking strategies

Best fit pH—optimum (X)=9{  PHiqy imic(¥): if PHiqy 1imic (Y) is closer to pH — optimum(X) than pH .. 1y 1
PHypper timit(Y): if PHypper fimit (Y) is closer to pH — optimum(X) than pHy,, jjm¢ is

Results

(a) Average pH-optimum—~Frequently our search resulted in finding an experimental
paper reporting a pH-interval (from pHjoy |imit t0 PHupper 1imit) Within which either the
activity or stability was measured to be maximal. Since there is no preference of any pH
within a specific pH interval, the midpoint of the interval was considered to be pH-optimum,
as:

average PH_ optimum=(pH oy, jimic+ PH upper timit)/2 )

(b) Best fit pH-optimum—Using the average pH-optimum for activity and stability could
result in quite unfair comparison, because the reported intervals are frequently of different
width. To avoid such artifacts, we also performed analysis using the following protocol to
obtain a so called best fit pH-optimum: The average pH-optimum of activity was
benchmarked against the corresponding pH interval (if any) of maximal stability and if it
falls within the pH interval of maximal stability, the best fit pH-optimum of stability was
taken to be equal to the average pH-optimum of activity. If not, the pH-optimum of stability
was taken to be the closest endpoint to the pH-optimum of activity, either pHjow jimit OF

PHupper limit:

pH — optimum(Y), if pH — optimum(Y) falls into pH(X)

where “X” and “Y” stand for activity and stability, respectively.

(c) Best fit between pH-optimum intervals—Perhaps the fairest comparison between
pH-optimum intervals of activity and stability is to consider a match of all cases for which
the corresponding intervals overlap and for all other cases to take the smallest difference
between the end points. Then the difference between pH-optima will be calculated as:

0, if the corresponding pH intervals overlap

ApH — optimum(intervals)= { min(pH, ,(activity)—pH; ,(stability))

where 1,2 stand to low and upper limits, respectively.

The main goal of our analysis is to investigate the correlation between the pH-optimum of
activity and stability using only the available experimental data. However, collecting
experimental data that undoubtedly reports both the pH-optimum of activity and stability is
not an easy task, simply because most of the experiments were aimed at addressing
questions different from the question of this work. Frequently the pH of maximal activity
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was determined in a study that performed the experiments at room temperature while the
corresponding pH-optimal for the stability was found at elevated temperatures. Many other
examples can be given, indicating how complicated the data analysis is, simply because the
quantities studied in this work are very sensitive to the environmental conditions. In
addition, as mentioned in the method section, most of the experimental papers report not a
single pH value for either maximal activity or stability, but pH interval. Bearing in mind
these observations, we will begin our analysis using averaged pH-optima.

(a) Distribution of the average pH-optimum of activity and stability

The distributions of the average pH-optimum of activity and stability are provided in
supplementary materials. There is a tendency that the distribution of the average pH-
optimum of activity is broader compared with the distribution of the average pH-optimum of
stability. This reflects our observation that in most of cases when pH-optimum of activity is
within very low pH range; typically the averaged pH-optimum of stability is several units
higher. In opposite, in vast majority of the cases when the pH-optima of activity and stability
are not the same and the average pH-optimum of activity is shifted toward high pH,
typically the corresponding average pH-optimum of activity is lower. However, such cases
are very few in our dataset and we are hesitant to generalize what could be the reason for
such behavior. Obviously, much more experimental data is needed to rigorously address
such a tendency, if it exists.

Another major difference is that the distribution of the average pH-optimum of stability is
almost Gaussian with a mean at about pH=7, while the distribution of the average pH-
optimum of activity shows several peaks (compare Figs. 1S and 2S, in supplementary
materials). Perhaps, such difference indicates that activity is more sensitive to pH changes,
while structural integrity can better sustain pH fluctuations. However, this observation
should be taken with caution, since most of the reported pH intervals of maximal activity are
much smaller than the corresponding pH intervals of maximal stability. This could result in
smoother distribution for average pH-optimum of stability that of activity, because the
averaging for the first one is typically done over broader pH interval.

(b) Correlation between average pH-optima of activity and stability

The average pH-optimum of activity is plotted against the average pH-optimum of stability
using all data points in Table 1S (supplementary materials) and the result is shown in Fig.
1a. The resulting correlation coefficient, R, is about 0.54, indicating some kind of
correlation, but a weak one. The slope of the fitting line is less than one, confirming the
observation made above that the average pH-optimum of activity tends to be more spread
out than the corresponding average pH-optimum of stability. There are significant numbers
of overlapping points in Fig. 1a, and to better assess the similarity/dissimilarity of average
pH-optima, we present in Fig. 1b the distribution of the difference between the
corresponding average pH-optimum of activity and stability. If all of the average pH-optima
of activity and stability were identical, we should see a single-peak distribution centered at
zero. Indeed, the distribution peaks at zero; however, there are many cases for which the
average pH-optimum of activity and stability differ by several pH units. Based on these
observations, we could only state that there is a tendency that average pH-optima of activity
and stability are similar to each other.

(c) Correlation between average pH-optimum and best fit pH-optimum

The analysis made using the average pH-optima is very stringent and may obscure existing
correlations between these two quantities simply because of the averaging over pH intervals.
Since any of the pHs within the pH interval could be the pH-optimum or simply because the
activity or stability does not change within the corresponding pH interval, this second type
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of analysis was done by benchmarking average pH-optimum versus any pH within the
corresponding pH interval (see method section for details). The results are shown in Figs.
2a,b for the average pH-optimum of activity and the best fit pH-optimum of stability. It can
be seen that the correlation is now much better, resulting in correlation coefficient R=0.83
and a slope of the fitting line of 0.77. There are still data points offset the main diagonal, but
they are minority. A significant level of correlation between average pH-optimum and best
fit pH-optimum is confirmed in Fig. 2b, where the distribution of the difference of these two
quantities is provided. The distribution is almost delta-function shaped, with a very
prominent peak at zero and very few cases representing the wings of the distribution. The
results obtained with average pH-optimum of stability and best fit pH-optimum of activity
are less impressive (Fig. 2c,d), simply because the pH intervals of optimal activity are much
smaller compared with the pH intervals of optimal stability and therefore allowing for much
less adjustment. The correlation coefficient is slightly better than the correlation coefficient
obtained with both average pH-optima, but the improvement is minimal. Slight
improvement is also seen for the distribution of the difference (Fig. 2d) between the average
pH-optimum of stability and the best fit pH-optimum of activity (as compared with Fig. 1b).

(d) Correlation between intervals of pH-optimum of activity and stability

Perhaps the most reasonable analysis is to compare the reported experimental intervals of
maximal activity and stability. For that purpose we adopted the procedure described in the
method section, which however, does not result in specific pH-optimum value for neither
activity not for stability. Because of this, it is impossible to obtain a graph with a correlation.
However, the differences between the corresponding pH-optima intervals are obtainable and
their distribution is shown in Fig. 3. The peak of the distribution is very prominent and
centered at zero. The distribution is more like the delta-function as compared with Figs. 2b,
2d and the wings of the distribution are smaller. Very few cases that correspond to dissimilar
pH-optimum intervals of activity and stability were found (at cut-off of 1 pH, these cases are
9.3% of the entire set). The properties of the corresponding distribution are as follows:
median=0.0, variance = 0.65, standard error = 0.05 calculated over 310 data points. There
results strongly indicate that the pH-optimum of activity and stability are correlated.

(e) Correlation between average pH-optima and other biophysical characteristics

In addition to the main goal of seeking for plausible correlation between pH-optimum of
activity and stability, we also investigated for correlation between average pH-optima and
isoelectric point (pl). However, no correlation between pH-optimum of activity or stability
and the pl was found (see supplementary materials), confirming our previous observation
61. However, in this case, the observation is made using experimental data only, while in
our previous work we based our conclusion on in silico modeling. Similarly, no correlation
was found between pH-optimum of activity or stability and optimal temperature (see
supplementary materials).

Our attempts to investigate the distribution of either pH-optima, of activity or stability, with
respect to the subcellular localization failed. This is because the vast majority of the proteins
in our dataset with available experimental data are extracellular proteins. Proteins from other
cellular compartments are very scarce in our data set, and thus did not allow for the
statistical study of the corresponding pH-optima, either as a distribution or to distinguish
between cellular compartments.

Conclusion

The results clearly indicate that the pH-optimum of activity and stability are correlated.
However, there will be cases, which we either failed to retrieve from BRENDA database or
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from the literature, which will suggest just the opposite. However, we infer that such cases
will be minority and that there should be a particular reason, a specific requirement being
regulatory or something else, that makes the pH-optima of activity and stability different.

Another important issue is to clarify that we are not inferring that proteins must be
maximally stable to function. We are aware of many theoretical and experimental works
redesigning proteins to enhance their stability. Our statement is that: given a protein with a
natural (wild type) sequence and fold, the pH-optima of activity and stability most likely
will be the same. This statement needs some clarification, although we were unable to
perform detailed analysis, simply for the lack of experimental data. We expect this rule to
hold in cases of natural conditions only. In other words, the pH-optimum of activity should
be taken with respect to the natural substrate/ligand/reaction and the stability should be
measured at natural conditions such as physiological salt concentration, temperature, and
solvent. It can be expected that such a rule will be broken if the pH-dependence of the
activity is measured against synthetic compounds, different from the natural substrate(s) or
if the pH-dependence of the stability is measured under non-natural conditions such as very
low/high temperatures or non aqueous solvent.

A plausible explanation of the observed tendency could stem from the necessity of
biological macromolecules to carry out their function by tolerating small pH fluctuations.
The subcellular pH is a result of many different reactions involving proton uptake/release,
including proton pumps pumping protons across the corresponding membrane. The rest of
the proteins in a particular subcellular compartment, not involved in proton transport, must
be able to tolerate small or large pH fluctuations. In order to do so, their activity should be
insensitive to pH fluctuations around the characteristic pH in this particular cellular
compartment. Such a scenario could be achieved if the pH-optimum of activity is similar to
the characteristic pH of the subcellular compartment, because the activity does not change
much around pH-optimum, since the first derivative with respect to pH is zero. At the same
time, keeping activity unchanged upon pH fluctuations will require the 3D structure of the
corresponding protein to maintain its structural integrity. Perhaps, similar considerations as
above, apply to the pH-dependence of stability and thus making pH-optima of activity and
stability to correlate.

The findings reported in this work offer support for the efforts of correlating the pH-
optimum of stability with the characteristic pH of subcellular compartments or tissues. Since
the evolution is assumed to put pressure mostly on the function, the observation that the pH-
optima of activity and stability are correlated paves the way for further investigations of the
pH-dependent properties of proteins and the characteristic pH of the environment where
they function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The average (averaged over the experimentally reported pH interval) pH-optimum of
activity and the average pH-optimum of stability over 310 proteins (see Table 1 for details):
(a) The pH-optimum of activity plotted against pH-optimum of stability. The correlation
coefficient and the parameters of the fitting line are provided within the plot.

(b) The distribution of the differences between the corresponding average pH-optima.
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Fig. 2.

The average pH-optimum and the corresponding best fit pH-optimum.

(a) The best fit pH-optimum of stability plotted against the corresponding average pH-
optimum of activity. Correlation coefficient and the parameters of the fitting line are
provided within the graph.

(b) The distribution of the difference between the best fit pH-optimum of stability plotted
against the corresponding average pH-optimum of activity.

(c) The best fit pH-optimum of activity plotted against the corresponding average pH-
optimum of stability. Correlation coefficient and the parameters of the fitting line are
provided within the graph.

(d) The distribution of the difference between the best fit pH-optimum of activity plotted
against the corresponding average pH-optimum of stability.
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Fig. 3.
The distribution of ApH-optimum(intervals).
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