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INTRODUCTION

Topic's significance. Energy sources in nature are unlimited and non-renewable,
which can lead to serious problems. That is why it is necessary to find alternative
sources of energy that will be more environmentally friendly and affordable. Under
anaerobic conditions, Escherichia coli performs a mixed acid fermentation of a carbon
source, resulting in the production of molecular hydrogen (Hz) by the cleavage of
formic acid over a wide range of environmental pHs (5.5-7.5). Ha is environmentally
friendly and a more efficient energy carrier compared to oil and gas, producing ~142
kl/g of energy from combustion and only water as a byproduct. One of the ways to
increase the yield of hydrogen production is to understand the regulation mechanism
of Hz production and the effect on the overall metabolism of Hz in bacteria by studying
the dependence of the activity of the enzymes responsible for H> generation on various
environmental factors. The enzymes responsible for the H. production process in E.
coli are 4 hydrogenases (Hyd), which act together to form an Ha-proton cycling system
within the membrane.

By discovering the mechanisms of regulation of the activity of these enzymes, it will
be possible to fully control the process with high efficiency. The Ha-proton cycle is the
basis of energy transformation and energy production of useful work in living
organisms and biological systems. At the same time, the processes of energy
generation during respiration are more specified and studied, the basis of the main
patterns of which is the chemiosmotic theory of proton motive force generation
proposed by Mitchell. Meanwhile, the processes of fermentation are less studied and
clarified, but nowadays they are more widespread (many pathogenic microbes of the
human body survive in oxygen-free conditions, and it is economically beneficial to use
fermentation microbes especially for extraterrestrial processes).

Currently, the use of waste as alternative sources of carbon and research in this
direction for production purposes is relevant. During waste processing, microbially
available carbon sources (e.g., glucose) are generated, the effect of concentration of
which is crucial to increase the efficiency of microbial production. In addition, glucose
is used in basic production and is the preferred source of carbon and energy for a
number of microbes. The pathways of glucose assimilation and the enzymes
responsible for its gradual degradation are well studied both in the absence and
presence of oxygen. Usually, high concentrations of carbohydrates are used as a basic
ingredient in various researches and productions.

By carrying out the functional analysis of the enzymes responsible under different
conditions, it is possible to register significant results for the development of hydrogen
production technology, as well as for the production of biomass and other organic
materials.

Research goals and tasks. The purpose of this work is to study the role of E. coli
hydrogenase enzymes during the fermentation of glucose concentrations of 2 g L
(low) and 8 g L' (high) at different pHs, to distinguish the interaction of specific
subunits with other membrane-bound proton motive force generating proteins



depending on glucose concentration, reveal the importance of Hyds in the prpcesses
of energy conversion and glucose concentration sensitivity in E. coli.
Constituted tasks of the research were:

o Study the role of different subunits of Hyd-3 and Hyd-4 in the Ha production during
the fermentation of different concentrations of glucose at pH values of 5.5, 6.5, and
7.5.

* Investigate the role of specific subunits of the membrane-bound Hyd-4 enzymes of
E. coli in proton (H*)/potassium (K*) transport, the mechanisms of interaction with
the Fo/Fi-ATPase during this process, and the dependence of the dithiol-disulfide
exchange on the concentration of glucose at pH 7.5.

¢ Clarify the role of the membrane-bound and additional subunits of Hyd-1 and Hyd-
2 in the total and Fo/Fi.dependent H*/K* fluxes during the fermentation of low or
high concentrations of glucose at pH 7.5.

e Study the growth of E. coli and H> production in coffee waste hydrolysate (from
spent coffee grounds and waste generated from green coffee roasting) as an
alternative carbon source.

e Select the optimal conditions for waste processing, choose the applicable
concentration, and evaluate the primary function of the enzymes used.

o Compare the H, production yield during the utilization of different coffee wastes by
using the E. coli wild-type and a septuple mutant with metabolic disruptions.

Scientific novelty and practical value of the study. It has been shown that under
growth conditions at pH 5.5 with low glucose concentration, Hyd-4 is partially
responsible for H> production, while at pH 7.5, it primarily functions in H: oxidation
or proton transport. The activity of Hyd-4 at pH 6.5 has been mainly observed when
cells were grown in the presence of 8 g L' glucose. In a mutant lacking the genes
encoding all subunits of Hyd-4 (hyfB-R mutant) except hyfA, H. production was
reduced or was nearly zero regardless of glucose concentration and medium pH,
suggesting that Hyd-4 is active and involved in Ha metabolism. Additionally, some
subunits of Hyd-3, such as HycG, HycH, and Hycl, apparently exhibit dual functionality
depending on external conditions. Specifically, at pH 7.5, when cells were grown with

2 g L' glucose, HycH did not play any role in Hx production. Hycl is particularly

important at pH 5.5 under growth conditions with 8 g L' glucose, indicating that

certain subunits in Hyd-3 and Hyd-4 are sensitive to glucose concentration. This
suggests an active working model of the enzymes under these conditions. It has been
shown that at pH 7.5, the HyfB, HyfD, HyfF subunits of Hyd-4, which are homologous
to the NuoL, NuoM, NuoN subunits of the respiratory complex, contribute differently
to the overall and Fo/Fi-dependent H*/K* fluxes depending on the glucose
concentration. As a result, a working model has been proposed reflecting the function
of these subunits under energy-limited conditions, suggesting that HyfD can transport

H* across the membrane, possibly in the form of an H*/K+ antiporter. According to

the obtained data, H+ can be transferred to HyfD either directly or through Fo/Fi and

possibly through thiol groups to HyfF. A similar idea was also proposed for the
individual subunits of Hyd-1 and Hyd-2. Specifically, under conditions of low glucose
concentrations, mutants lacking HyaA-HyaC subunits showed an increase in overall
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proton flux by ~30% compared to the wild type, whereas in the presence of high
glucose, fluxes increased in both the wild type and mutants. With the absence of the
HyaB subunit, the proton flux associated with FoFi-ATPase increased by ~3 times,
highlighting the role of HyaA-C in the mechanisms of proton transfer and energy
conservation. It has also been clearly shown that in the hybC mutant, the DCCD-
sensitive proton flux decreases by ~3.5 times, indicating that HybC is essential for
proton transfer and the function of FoFi-ATPase. Under these conditions, a working
model of possible interaction under low glucose concentration fermentation conditions
has also been proposed. It is also interesting that, according to the obtained data, the
glucose concentration affects not only membrane-bound subunits but also additional
subunits involved in the maturation of hydrogenases. In the hybf mutant, an increase
in DCCD-sensitive proton flux was observed, which closely resembled the data seen in
hyaB, clearly demonstrating the cross-regulation between hydrogenases, particularly
highlighting the role of HybF in the activity of Hyd-1. The data from hybE and hybF
mutants indicate that they are crucial for the maturation of Hyd-2 when bacteria are
grown in low glucose conditions, and high glucose concentration is added during
experiments. In hyaD and hyaF mutants, a 50% increase in DCCD-sensitive proton flux
was observed, demonstrating their significant role in the activity of Hyd-1. The role of
Hyd enzymes in the assimilation of hydrolysates from various coffee production wastes
has also been studied. It is worth noting that the pH of the waste hydrolysates was
adjusted to a value of 7-7.5, considering the favorable growth conditions for E. coli. It
was shown that during utilization of coffee waste hydrolysate the specific growth rate
of bacteria decreased in mutants lacking the catalytic subunits of Hyd-3 and Hyd-4,
demonstrating the role of these enzymes in growth bioenergetics. Additionally, it was
confirmed once again that under these conditions, the primary enzyme responsible for
H2 production is Hyd-3. The possibilities of obtaining maximum yield from coffee
wastes have been studied using a mutant with disruptions in 7 metabolic genes.
Hydrolysates containing initial concentrations of 2-200 g L of waste were applied in
various dilutions. It was shown that bacterial growth and H: yield were inhibited in
waste environments with higher concentrations, which aligns well with the data
obtained with glucose alone. This clarifies that high concentrations of carbohydrates
can have a negative effect and that the proton-hydrogen cycle operates efficiently
under energy-limited conditions.
Main points to present at the defense.

1. At pH 7.5, the major Ha-producing enzyme is Hyd-3, while Hyd-4 is primarily
involved in H> oxidation and proton transfer. At this pH, Hyd-3 and Hyd-4 form an Ho-
producing Hyd complex to maintain proton motive force in cells during the stationary
growth phase.

2. At pH 5.5, there is a phenomenon of complementation between Hyd-3 and Hyd-
4, and under these conditions, the FHL-1 and FHL-2 complexes unite, forming a Ha-
producing supercomplex.

3. At pH 7.5, the physiological role of Hyd-4 under energy-limited conditions is to
generate and balance the proton motive force. The HyfF and HyfD subunits are crucial



for regulating FoFi-dependent proton/potassium fluxes under varying glucose
fermentation conditions.

4. Glucose concentration is a determining factor in the regulation of Hyd-1 and
Hyd-2 dependent proton/potassium fluxes in Escherichia coli at pH 7.5.

5. During utilization of coffee waste hydrolyzate, Hyd-3 is the main Ha-producing
enzyme, and with the combination of waste pretreatment factors and the use of the
mutant, the yield of Ha can be increased manyfold.

Work approbation. Main results of the dissertation were discussed at seminars
in Department of Biochemistry, Microbiology and Biotechnology, Faculty of Biology
Yerevan State University, and at scientific conferences: FEMS Congress (Hamburg,
Germany), FEMS Conference on Microbiology in association with Serbian Society of
Microbiology (Belgrade, Serbia), Scientific Conference “Biotechnology: Science and
Practice, Innovation and Business” for Young Researchers (Yerevan, Armenia, 2021),
“Modern Trends in Biochemistry and Space Biology: The Great Sissakian and the
Importance of His Research” International Conference (Yerevan, Armenia, 2019), V
International Conference of Biotechnology and Health (Virtual, Yerevan, Armenia,
2020), 7* International Renewable and Clean Energy Conference (Virtual, Yerevan,
Armenia, 2020), EFB 2021 Virtual Conference (Virtual, Barcelona, Spain, 2021), World
Microbe Forum (Virtual, Online Worldwide, 2021).

Publications. According to experimental data observed in dissertation, 18 papers,
including 5 article in peer-reviewed journal, 1 articles in a journal included in the list
of HESC of the RA and 13 abstracts were published.

Volume and structure of dissertation. The dissertation contains the following
chapters: introduction, literature review (Chapter 1), experimental part (Chapter 2),
results and discussion (Chapter 3), conclusions and cited literature (total 122 papers
and books). The dissertation consists of 140 pages, 8 tables and 32 figures.

MATERIALS AND METHODS
All experiments were done using E. coli BW25113 or MC4100 wild type (WT)
and appropriate mutants
Bacterial cultivation and growth conditions. E. coli were grown at 37°C for 18-20
h in anaerobic conditions by direct transfer from nutrient agar surface in Petri dish
into high buffered liquid peptone growth medium containing 20 g L' peptone, 15 g L-
' K.HPO., 1.08 g L' KH,PO,, 5 g L' NaCl (pH 7.5), 20 g L' peptone, 7.4 g L' K.HPO,,
8.6 g L' KH.PO.5 g L' NaCl (pH 6.5) or 20 g L' peptone, 15 g L' KH.PO,, 1.08 g L
K:HPO., 5 g L™ NaCl (pH 5.5). As a substrate 2 g L' or 8 g L glucose were added.
Determination of specific growth rate. The bacterial growth was monitored
measuring the optical density (ODsw) spectrophotometrically. Specific growth rate ()
was determined by regular measurement of optical density (OD) until the stationary
phase with doubling time as described before (Trchounian et al., 2013). DCCD with
0.2 mM final concentration was used as indicated.
Determination of ion fluxes. H*, and K* fluxes through the membrane (AJn., AJx.)
were determined potentiometrically upon addition of glucose. Proton flux was
determined using a pH electrode, potassium flux-using a potassium-selective electrode
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(HI4114, Hanna Instruments, Portugal) with the sensitive module HI4114-51. The results
were calculated using the calibration curve. To understand the relationship between
the changes in ion fluxes related to bioenergetic processes, cells were treated with a
specific inhibitor of H-ATPase, N, N-dicyclohexylcarbodiimide (DCCD, 0.5 mM), for
15 minutes. Results were expressed in mmol min' per 10° cells (Vanyan and
Trchounian, 2022, Vanyan and Trchounian , 2024).

Measurement of redox potential and determination of hydrogen production.
Redox potential (E.,) in bacterial biomass was determined using two different redox,
titanium-silicate (Ti-Si) and platinum (Pt) glass electrodes (Trchounian & Trchounian,
2009). The Ti-Si-electrode measures the overall E, whereas the Pt-electrode is
responsive to H. under anaerobic conditions. H. production rate (V..) was calculated as
the difference between the initial rates of decrease in Pt- and Ti-Si-electrodes readings
and expressed in mV of E,per min per mg dry weight of bacteria Cumulative H>
production was determined as described before.

Waste treatment and media preparation. In the studies, coffee wastes from robusta
and arabica coffees were used. Two types of waste were used: the residue after coffee
brewing, spent coffee grounds (SCG) and the waste produced after coffee roasting,
coffee silverskin (CS). Coffee waste was dried at 105 °C to constant mass. 40-100 g L-
! of waste in the case of SCG, and 2-200 g L' in the case of CS, with 7.32 g L in each
or with a final concentration of 14.64 g L' H,SO4 were used. In order to optimize the
waste pretreatment conditions, not only the amounts of waste and sulfuric acid were
changed, but also the duration of hydrolysis, which was carried out for 25 or 45
minutes at 121 °C. The hydrolyzate was filtered, the pH was adjusted to pH 7.5 with
KoHPOs. Final solutions were diluted 2-, 5-, or 10-fold and autoclaved for 15-20 min at
121 °C. For all studies, bacteria were pre-inoculated to peptone medium for overnight
culture. Then, after 18-22 hours, the bacterial suspension was transferred from the
overnight culture to the main nutrient medium for growth at a final volume ratio of 3%
(Petrsoyan et al., 2020, Mirzoyan et al., 2022).

Chemicals and data processing. All chemicals of analytical grade were used. Each
data point represented was averaged from independent triplicate cultures: the
standard deviation was not more than 3%. Statistical analysis was performed by using
two-way ANOVA Tukey’s statistical test using GraphPad Prism 8.0.2 software (San
Diego, CA, USA) (Shirvanyan A. et al., 2023).

RESULTS AND DISCUSSION
H:> production during utilization of glucose at different pHs in mutants with
defects in Hyd-3 and Hyd-4. Glucose is the preferred carbon and energy source of
E. coli. The pathways of glucose utilization and the enzymes responsible for its gradual
degradation are well studied, in both, the absence and presence of oxygen. It is
transported and phosphorylated by PTS system and further glucose oxidation follows
via the Embden-Meyerhoff-Parnas pathway. The high concentrations of this
carbohydrate 2100 mM are commonly employed as a fundamental component in
various studies. There is still a lack of model working mechanisms of enzymes and
membrane proteins corresponding to each condition and concentration of carbon
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source. It has been shown that both Hyd-3 and Hyd-4 show different activities and
contribution to H> production, but their roles vary with pH, carbon sources and its
concentration. So as a first point of for this reserch we analyzed the role and
contribution of each subunit of Hyd-4 and Hyd-3 in H, generation depending on the
external pH (range of 5.5-7.5) and glucose concentration (2 g L or 8 g L). In hyfA-
B and hyfB-R mutants, the Ha production rate (Vi2) was decreased compared to wild
type in almost all conditions, which indicates that Hyd-4 has an impact on the H>
generation process.
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Notably, when cells were grown at pH 7.5 in the presence of 2 g L glucose, and in
the enzyme activity assays with 2 g L™ glucose supplemented, it was very intriguing to
see that in the single mutants Vi, was not disturbed, but rather it was higher than in
the wild type. In particular, a hyfG single mutant showed Vi, to be ~2.6 fold higher
than in wild type (see Fig. 1). At pH 6.5 when cells were grown in the presence of 2 g
L' glucose and 2 g L' glucose was added in the assays, analysis of Hyd-4 single
mutants showed that again Hyd-4 functions in Hs-oxidizing mode. Particularly in hyfA,
hyfB, hyfF, hyfH and hyfl single mutants the Ha production increased by ~1.7 fold
compared to wild type (Fig.1). Surprising results were obtained at pH 5.5. In hyfG
mutants H> production was decreased ~2.2 fold compared to wild type which clearly
suggests that Hyd-4 has contributed towards H: production but not oxidation.
Moreover, in hyfC, hyfE, hyfF and hyfH single subunits Vi was decreased ~1.6 fold
compared to wild type. The latter finding was also observed in hyfA-B and hyfB-R
mutants. No differences were detected in other single mutants. When 8 g L' glucose
was added to the assays, Vi of the hyfG mutant decreased ~2.35 fold suggesting that
under these conditions Hyd-4 is active and responsible for Ha generation (Petrosyan
et al., 2020).

At pH 7.5 when cells were grown in the presence of 2 g L™ glucose and in the assays
with 2 g L glucose added, a significant decrease in H, production rate was detected
in hycB, hycC, hycE, hycF, hycG single mutants (Fig. 2). In hycD and hycl single
mutants Vi was lowered only by ~1.5 fold but in hycH surprisingly Ha production was



increased ~2.3 fold. Similar results were obtained in the assays supplemented with 8
g L7 glucose.
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Based on obtained data schematic model were represented, where the main H.-
producing enzyme at pH 7.5 is Hyd-3 while Hyd-4 is mostly involved in H> oxidation
and proton translocation to Hyd-3 HycB or HycG subunits. At this pH it is proposed
that Hyd-3 with Hyd-4 forms a Ha>-producing Hyd complex. This complex is important
for maintaining a proton motive force, particularly in stationary phase cells, and is thus
mainly involved in energy conservation. At pH 5.5 compensatory H»-producing
function of Hyd-3 and Hyd-4 exists, and again it is suggested that at pH 5.5 FHL-1 and
FHL-2 complexes combine to form a Ha-producing supercomplex that works towards
H generation. It makes physiological sense to have Ha>-producing function at low pH
when cells need to recycle excess of protons in the cell and regulate intracellular pH
and thus proton motive force generation, because at low pH the FoF-ATPase activity
is very low compared to at high pH.
A B

- 3 ouT
out & St

-
Membrane FHL-2 Membrane C, . E,
(Hyd-4, Fdh- D C F
H) —
— { IN -
) ] . V ) ] ZHe-Az ﬁ
(X Q

FHL-2

FHL-1

Fig. 3. Schematic representation of E. coli FHL-1 and FHL-2 complexes involved in H
production at pH 7.5 (A) and pH 5.5 (B). B, C, D, E, F, G represent the subunits of Hyd-3
of FHL-1 complex. The subunits with stripes indicate that they are partially involved in H2
production, while the subunits with light grey shading are mainly responsible for the H.
production process. Fdh-H (grey circle) is important for both Hyd-3 and Hyd-4 to produce
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Ha. For explanations see section Model of FHL-1 and FHL-2 complexes in E. coli at pH 7.5
and 5.5 during 2 g L' glucose fermentation in the Results and discussion.

H* and K* fluxes in E. coli wild type and hyf mutants grown on only peptone, low
concentration (2 g L-') of glucose and high concentration (8 g L-') of glucose.
When E. coli wild type cells were grown on peptone only in the assays supplemented
with 2 g L' glucose total Ju* was similar in wild type and mutants. DCCD-sensitive Ju*
was twofold higher in hyfB mutant compared to wild type, while in hyfD it was
decreased twofold compared to wild type. Interestingly, when in the assays 8 g L™
glucose was supplemented total Ju* was similar as in the assays with 2 g L' glucose but
DCCD-sensitive Ju* in wild type was lower ~ twofold compared to the assays with 2 g
L1 glucose. The DCCD-sensitive Ju* in hyfB mutant was ~2.6 fold higher compared to
wild type and stronger effect was detected in 8 g L' glucose assays compared to 2 g
L~ glucose (Fig. 4a). In hyfD the DCCD-sensitive Ju* was similar to wild type but in hyfF
it was increased ~ 60%. The J«* in wild type cells grown on peptone only was similar
when in the assays low and high concentration of glucose was added reaching to 0.2
mmol min'. But addition of DCCD disturbed Jx* in wild type cells only in the assays
when 2 g L' glucose. The Jk* was higher ~twofold in hyfB and hyfF mutants compared
to wild type while in hyfD mutant the J«* was similar as in wild type. The DCCD-sensitive
Jk* was increased in all mutants, especially in hyfB and hyfF ~1.8 fold compared to
wild type (Fig. 4b).
When cells were grown on 2 g L' glucose and in the assays 2 g L' glucose was added
total Ju* flux in wild type cells and hyf mutants was similar but DCCD-sensitive fluxes
were absent in hyfF mutant and increased ~ twofold in hyfD compared to wild type
(Fig. 4a). Moreover, DCCD inhibited the fluxes ~ 30% in wild type and hyfB mutant
while in hyfD it was decreased ~ 60%. When in the assays 8 g L' glucose was added
total Ju* fluxes in wild type and hyfB mutant was similar to each other and to the assays
with 2 g L' glucose. But in hyfD and hyff mutants total Ju* were increased ~ 35-45%
compared to wild type. The data suggest that hyf subunits might be involved at least to
proton translocation to FoFi or to other secondary transporting systems. In 8 g L
glucose assays Jx* was ~ 1.8 fold higher compared to the assays supplemented with 2
g L glucose. When in the assays 2 g L' glucose supplemented in hyfD and hyfF
mutants but not hyfB K* uptake was ~ 1.4 fold stimulated compared to wild type (Fig.
3b). DCCD totally disturbed K* uptake in all mutants as in wild type. This suggests that
the tested subunits in 2 g L' glucose assays differently contribute to FOF1 dependent
K+ uptake. DCCD-sensitive Jx* in hyfD and hyfF mutants was 40% and 60% higher
compared to wild type. Interestingly, in the assays when 8 g L' glucose is
supplemented in hyfD mutant only K* uptake was stimulated ~ 1.4 fold while in hyfB
and hyfF mutants it was decreased ~ 1.6 and ~ 1.4 fold respectively, compared to wild
type (Fig. 3b). DCCD disturbed the K* uptake in all tested mutants. DCCD-sensitive Jx*
in hyfB and hyfF mutants was 50% lower compared to wild type, while in hyfD mutant
it was 45% higher compared to wild type.

Under fermentation of 8 g L' glucose when in the assays 2 g L' glucose was
added total Ju* in wild type cells reached ~ 2 mmol min' (Fig. 4a). In hyfB and hyfD
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mutants the Ju* was similar as in wild type but in hyfF mutant it was less ~ 30%
compared to wild type. DCCD inhibited H* fluxes ~ 40-50% in wild type and mutants
except hyfD where the inhibition reached to ~ 65% (Fig. 4a). In 8 g L' glucose assays
total H* flux was similar in wild type and all tested mutants reaching to 1.8 mmol min-
!. In wild type and hyfF mutant DCCD inhibited the H* flux ~ 50% while in hyfB and
hyfD ~ 35% and ~ 70%, respectively. DCCD-sensitive H* flux in wild type cells and hyfB
mutant when in the assays 2 g L™ glucose supplemented was similar but in hyfD mutant
it was higher ~ 25% and in hyfF DCCD-sensitive Ju* flux decreased ~ 45%. The latter
might be probably due to different role of hyfD and hyfF within the metabolic cross
talk between FoFi and different Hyd-4 subunits or other secondary membrane bound
transporters. It was demonstrated that when wild type cells were grown on 8 g L'
glucose depending on the supplemented glucose concentration in the assays Jx* was
similar which exhibites that at higher glucose concentrations K* uptake systems are
stable which was not the case for low glucose concentrations (Fig. 4b). In 2 g L' glucose
assays Jx* was similar in wild type, hyfBand hyfF mutants while in hyfD it was increased
~ 55%. DCCD disturbed K+ uptake in all strains. Interestingly addition of DCCD
stimulated mainly the K* efflux in wild type and hyfB mutant. DCCDsensitive Jx* was
almost identical in wild type, hyfB and hyfF mutants (Fig. 5B). But in hyfD DCCD-
sensitive J«* increased ~ 25%. Same increased data was shown for DCCD-sensitive Ju*
flux. Working model for Hyd-4 HyfD and HyfF subunits role during 2 g L' glucose
concentration has been suggested (Fig. 6). Especially, HyfD is possible to translocate
H* across the membrane and in possibly form H*/K* antiporter. Besides, the H* can be
transferred via FoFi to HyfD or HyfF via thiol groups (FoFi-HyfF-TrkA) as suggested
before (Trchounian 2004) for balancing proton gradient and proton motive force (Fig.
6).

a s b o

B BW25113 B Ay/D ’ =
W B W iysF

DCCD-sensitive J,,,
[mmol min]
DCCD-sensitive J,.,
[mmol min-]

.....

aae
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Fig. 4 DCCD-sensitive Ju+ flux (a) and K + flux (b) by whole cells of E. coli wild type and
hyf mutants. Bacteria were grown under fermentative conditions at pH 7.5 without
glucose, in the presence of 2 gL' and 8 g L glucose at 370C.
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Fig. 5. Schematic working model of
HyfD and HyfF subunits of Hyd-4 during
glucose fermentation at pH 7.5. Dashed
arrows depicts the possibility of H*
translocation via directly HyfD or

ouT
i+t

thiol groups to HyfF. Under energy
limited conditions HyfD and HyfF work
towards conserving energy via
interacting with F.F, for efficient proton
transfer in membrane or translocation
across the membrane for balancing
proton gradient and thus proton motive
force.

H* and K* fluxes in E. coli wild type, hya and hyb mutants grown on low (2 g L-)
or high (8 g L-") concentration of glucose. The results of our study reveal intriguing
findings regarding the impact of specific gene mutations in Hyd-1 and Hyd-2 on Ju. in
E. coli under different conditions.

When bacteria were grown at 2 g L' glucose medium and during assays low and high
glucose was supplemented total Jn. at rates of 1.5 mmol min-' per 10° cells were
observed, respectively. Interestingly, in mutants lacking hyaA-hyaC genes
Ju+ increased significantly by 30 % compared to the wild type. Significant changes
were determined in DCCD-sensitive Jn.. Particularly, in the wild type, DCCD-sensitive
Ju + constituted 30 % of the total flow, with a rate of 0.45 mmol min™ [Fig. 6a]. In
contrast to Hyd-1 single mutants, the DCCD-sensitive Ju . increased by 40-50 %
in hyaA and hyaC mutants and more than 60 % in hyaB mutant. lon fluxes were
investigated in mutants with defects on membrane-bound subunits of Hyd-2 as well.
When low glucose was supplemented DCCD-sensitive fluxes decreased
in hybC and hybO mutants by 70 % and 30 %, respectively, compared to wild type
[Fig. 6a]. Thereby, in the absence of HybC, the contribution of FoFi-ATPase was strictly
declined. It is possible that HybC as a catalytic subunit may supply protons received
from H, oxidation to FoFi. When bacteria were grown at 2 g L' glucose medium and
during assays high glucose was supplemented total proton flux (Ju:) at rates of
2.26 mmol min ~'.Here, Jn. was similar in all hya mutants compared to the wild type,
but DCCD-sensitive fluxes were equally increased ~60 % and the contribution of FoFi-
ATPase remained constant at 50 % (Fig. 6a), thus the addition of high glucose in all
the three mutants cause similar contribution of proton-ATPase, which highlights the
glucose-dependent operational features of the enzyme. In hybA and hybO DCCD-
sensitive fluxes remain similar to wild type. At the same time in hybB and hybC DCCD-
sensitive fluxes increased by 35 % (Fig. 6a).

DCCD-sensitive K* uptake in wild type and hya mutants was 70 % of the total Jk., which
interestingly is lower compared to low glucose, this means that upon addition of high
glucose the contribution of FoFi-ATPase is declined, which is not depending on
subunits of Hyd-1.

When high glucose was supplemented significant changes were not observed in DCCD-
sensitive Jk. in all hyb deletion mutants [Fig. 6b].

Membrane

IN
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Fig 6. DCCD-sensitive Ju+ flux (a) and Jx+ flux (b) by whole cells of E. coli wild type
and hyf mutants. Bacteria were grown under fermentative conditions at pH 7.5 in the
presence of 2 g L glucose at 37°C. During assays either 2 g L' (low) or 8 g L' (high) glucose
was supplemented. DCCD (0.2 mM) was added to the assay medium when indicated.
DCCD-sensitive fluxes were calculated as a difference between total and DCCD-inhibited
fluxes. Positive value indicates efflux and negative value indicates influx.
When cells were grown on high glucose concentration (8 g L") and in the assays low
glucose was added (2 gL™) in wild type Ju. was ~2 mmol min~' per 10° cells.
Significant increase only observed in hyaA and hyaC mutants, and no differences in
Ju+ were observed both in rest hya and hyb single deletion mutants upon addition of
low glucose. Only in hyaC mutant DCCD-sensitive Ju . decrease was observed
constituting 35 % and the contribution of FoFi-ATPase reduced as well, meanwhile in
mutants lacking other subunits similar increase occurred compared to wild type
[Fig. 7a]. Interestingly, in all hyb single mutants, no significant differences in total and
DCCD-sensitive fluxes were observed. Only in hyaA DCCD-sensitive Jk + decreased by
almost 50 %. In the hybO mutant DCCD-sensitive potassium uptake constituted of
0.24 mmol min~', which decreased by 30-40 % in hybA, hybB, hybO mutants
[Fig. 7b]. Generally, it can be also highlighted the fact that in the presence of a high
glucose, FoFi-dependent Jk . decreases.
During addition of high glucose in the assays in wild type Jn: was ~2 mmol min~' per
10° cells [Fig. 7a] similar to low glucose assays. Here, only in hyaA total Jn . increased
by 20 %, and in hyaBand hyaCno significant differences were observed.
In hybB and hybC mutants total Ju . decreased by 30 %. When considering DCCD-
sensitive fluxes only in hybA and hybO significant increased by 30-40 %.
Total Jk+ was approximately at 0.27 mmol min™' [Fig. 7b]. In all Hyd-1 single deletion
mutants similar increase in Jx. by 20 % was observed. When high glucose was
supplemented DCCD-sensitive potassium uptake was 0.2 mmol min~' with no
significant differences between hyb single mutants, except hybC.
The observation with low glucose concentration (2 g L) that in mutants lacking the
hyaA-hyaC genes, the total Ju. increase is attracting attention to this phenomenon.
However, this increase was absent when high glucose was supplemented, suggesting a
complex interplay between hydrogenases and glucose availability. This indicates that
the absence of these genes has a more pronounced impact on Ju: when glucose is
limited, potentially to enhance energy conservation and metabolic efficiency.
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Fig. 7. DCCD-sensitive Ju+ flux (a) and Jx+ flux (b) by whole cells of E. coli wild type and
hyfmutants. Bacteria were grown under fermentative conditions at pH 7.5 in the presence
of 8 g L glucose at 37°C. During assays either 2 g L' (low) or 8 g L' (high) glucose was
supplemented. DCCD (0.2 mM) was added to the assay medium when indicated. DCCD-
sensitive fluxes were calculated as a difference between total and DCCD-inhibited fluxes.
Positive value indicates efflux and negative value indicates influx.
Moreover, it was shown that when the whole operon of Hyd-1 was deleted the
intracellular NADH concentration increased significantly while in the mutant where
Hyd-2 operon was deleted NADH was ~ 5 times lower compared to wild type (Shekhar
et al., 2022). These alterations in intracellular NADH concentration showing
antagonistic effects in Hyd-1 and Hyd-2 deleted E. coli cells might also affect the proton
fluxes and generally proton cycling in the cell in the context of pmf generation and
cellular bioenergetics. This effect might suggest that protons from NADH in hya
(encoding for Hyd-1 operon) deleted cells might be transported out e.g. via FoFi, and
thus the involvement of FoFi in hyaA-hyaC single mutants is higher (Vanyan and
Trchounian, 2024). On the contrary, the amount of intracellular NADH and ATP in hyb
(encoding for Hyd-2 operon) deleted cells is significantly low and our results show that
DCCD-sensitive proton flux in hybC mutant is almost zero suggesting that FoF: is not
involved in this process and which might be due to low amount of intracellular NADH
and ATP.
The extensive exploration of ion fluxes in mutants with defects in membrane-bound
subunits of Hyd-2 reveals new possible interplay between hydrogenases, FoFi-ATPase
and TrkA system. The observation that low glucose supplementation during the assay
did not significantly alter total H* flux in mutants suggests that certain fundamental ion
transport mechanisms remain relatively constant under different glucose conditions.
However, the notable reduction in DCCD-sensitive fluxes in hybC and hybO mutants
indicates that these specific subunits play a significant role in regulating Ju.. Notably,
in the absence of HybC, the contribution of FoF-ATPase declined, suggesting that
HybC might be involved in catalyzing H> oxidation and supplying protons to FoF: as
recently suggested for HyfF (Vanyan and Trchounian, 2022). Alternatively, as
suggested above, it might be related to intracellular NADH and ATP concentration.
Moreover, cells sense the glucose concentration even when grown in other
concentrations. Possibly Hyd-1 can receive protons from Hyd-2 via the quinone cycle
and be responsible for proton transport along the membrane, thus when any subunit
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of Hyd-1 is absent contribution of FoFi-ATPase increases as one direction from Hyd-2
to Hyd-1 is not working (Fig. 8) (Vanyan and Trchounian, 2024).

In this background, we may state that low glucose is an energy-limited condition, under
which complete hydrogenases or their several subunits interact with each other or with
FoFi-ATPase, TrkA system to transport ions and thus contribute to the generation of
the proton motive force. Moreover, the function and interaction mechanisms may be
changed depending on glucose concentration. It can be predicted that Hyd-1 and Hyd-
2 besides complementarity may interact with Hyd-3 or Hyd-4 generating
supercomplexes (Trchounian and Trchounian, 2019). Hyd-1 and Hyd-2 may have
compensatory Ha oxidizing and proton transporting functions for maintain overall Ap.

\ nH* Fig. 8. Schematic working model of Hyd-1 and

K+ \ Hyd-2 in the presence of 2 g L! glucose at pH
" 7.5. Hyd-2 is primarily responsible for H,

oxidation. Generated protons may be directed

&‘ \ / % in one of several ways: for NAD* reduction,

\ through F.F, for ATP hydrolysis, or via Hyd-1 for

i / / @ membrane translocation. Therefore, in the
absence of Hyd-1, the excess protons are

T compensated by F,F,, which increases proton

V flux, or by enhancing NAD* reduction, which
@ result in intracellular NADH concentration
NAD' ==—NADH increase. Conversely, when Hyd-2 is absent,

~

protons are not produced for these pathways,
resulting in no proton leakage through F,F, and
a significant reduction in intracellular NADH
levels.

GLUCOSE

H+/K+ fluxes in E. coli mutants with defects in accessory and maturational
subunits of Hyd-1 and Hyd-2 when cells were grown low (2 g L-) or high (8 g L-
') concentration of glucose. In hyaD and hyaF DCCD-sensitive Ju+ increased by 50%,
in hyaE - by 20% (Fig. 9a). It was shown previously that under aerobic conditions HyaE
functions as a chaperone protein that is non-essential for the cell’s survival or function
but plays a role in assisting the B subunit (HyaA) of the Hyd-1. In this study, conducted
under fermentative conditions with low glucose levels, it was found that HyaE is not
critical for the activity of Hyd-1 or the maturation of HyaA. This conclusion is based on
the significant differences observed in the behavior of a hyaA deletion mutant, which
notably affects proton fluxes, compared to the effects seen with hyaE.

Significant increase in DCCD-sensitive Ju+ was observed in hyaD and hyaF mutants,
suggesting that under implemented conditions these genes are important for Hyd-1
activity and specifically for the functioning of HyaB catalytic subunit. Totally, different
DCCD-sensitivity was observed in hyb deletion mutants, in hybD DCCD-sensitive Jn+
decreased by ~30%, in hybG and hybE decreased by ~50%, meanwhile in hybF it
increased by ~60% (Fig. 9 a).

Data show that HybD can be involved in the maturation of the HybC, but is not as
essential as hybG and hybE, where the contribution of FoFi-ATPase was strongly
suppressed (Fig. 9a). Data for hybE and hybF were similar to hybC strongly suggesting
that in these conditions this two proteins are important for the Hyd-2 activity.
Interestingly only in hybF DCCD-sensitive flux increased, which states the cross-
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regulation between hydrogenases, particularly the role of hybF for the activity of Hyd-
1 as obtained difference had more similarity with hyaB data. However no significant
changes were observed in potassium fluxes.

When cells were grown at 8 g L' glucose medium and during assays low and high
glucose was supplemented the mutants demonstrated varied DCCD-sensitivity to the
decreased availability of glucose. The hyaD mutant showed a substantial decrease in
DCCD-sensitive Ju+, with a 65% reduction compared to the wild type (Fig. 9a).
Similarly, hyaE experienced a 30% reduction in DCCD-sensitive Ju+.

In contrast, the hyb mutants presented a different pattern of response. In hybD
DCCD-sensitive Ju+ remained unchanged, indicating its function in the maturation of
the HybC subunit, as both in low glucose and high glucose assays data for both hybD
and hybC were similar [Fig 9a and Fig.6a]. hybE also showed no significant change,
aligning with hybD, which may reflect a similar resilience or an alternative pathway
ensuring its participation in hydrogenase activity remains unaffected. However, hybF
exhibited an increase in DCCD-sensitive Ju+ by 38%, unique among the mutants. HybF
is believed to fulfil a role similar to that of HypA, focusing on nickel processing within
the hydrogenase enzymes (Menon et al, 1994). Thus, hybF in depending on applied
glucose concentration is most probably is responsible for Hyd-1, rather than for Hyd-
2, as in all discussed conditions data from hybf were more similar to hya membrane-
subunit deletion mutants. The results reveal the crucial roles of specific maturation
proteins in influencing hydrogenase activity, showing that mutations in these proteins
significantly affect ion fluxes in a glucose presence. Specifically, alterations in hyaD
and hyaF led to a notable increase in proton flux, underlining their essential roles in
Hyd-1 activity. The study also suggests a cross-regulation between hydrogenases, with
the hybF mutant displaying changes in proton flux indicative of its involvement in the
maturation or activity of both Hyd-1 and Hyd-2 under certain conditions (Vanyan,
2024).
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DCCD-sensitive J,;*
[mmol min]
DCCD-sensitive J,;*
[mmol min?]

0.
low glucose high glucose low glucose high glucose

Fig. 9. DCCD-sensitive Ju+ flux (a) and Jx+ flux (b by whole cells of E. coli wild type, hya
and hyb mutants. Bacteria were grown under fermentative conditions at pH 7.5 in the
presence of (a) 2 g L' and (b) 8 g L glucose at 37°C. During assays either 2 g L' (low) or
8 g L (high) glucose was supplemented. DCCD (0.2 mM) was added to the assay medium
when indicated. DCCD-sensitive fluxes were calculated as a difference between total and
DCCD-inhibited fluxes. Positive value indicates efflux and negative value indicates influx.

H2 production in E. coli during dark fermentation of coffee waste. For the next
stage of the research the utilization of coffee by-products, specifically spent coffee
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grounds (SCG) and coffee silverskin (CS), as alternative sugar sources for the growth
of Escherichia coli and the activity of hydrogenase enzymes were investigated. Building
upon previous research that examined the effects of glucose concentration on these
processes, this study explores the potential of SCG and CS to substitute glucose in
microbial cultures.

The experimental approach involves assessing the impact of varying concentrations of
SCG and CS on E. coli growth and hydrogenase activity. The use of SCG hydrolysates,
which are rich in fermentable sugars, has shown potential in supporting E. coli growth
and enhancing hydrogen production, offering a sustainable alternative to traditional
sugar substrates. Similarly, CS, as another by-product of coffee processing, is
evaluated for its effectiveness as a carbon source in microbial growth and enzyme
activity.

The results obtained have shown that SCGs hydrolyzed with H2SO4 for 45min and
with 2 times dilution were optimal conditions for E. coli to grow and produce H> with
yield of ~31 mL H> (g sugar)' or 2.75 L (kg SCG)' (Table 1). Hyd-3 and Hyd-4 had
influenced specific growth rate during utilization of SCG, which might be due to change
of bioenergetic properties. Escherichia coli Hyd-3 was responsible for H, production,
where deletion of Hyd-1 and Hyd-2 had no significant difference. Ha production yield
and rate were enhanced by ~2-fold in septuple mutant reaching ~72 mL H> (g sugar)
Tor 5.5 L Ha (kg SCG)™ (Petrosyan et al., 2020).

Tablel. Hz production yield from coffee waste

Waste type H> production in Ha production H> production
mL yield mL per rate mL per day
gram of waste
(small-scale)
Wt mutant | Wt mutant Wt mutant
Initially 65 g L
containing 2 fold
diluted CS 54 80 1.66 2.46 27 26.6
Initially 40 g L
containing 2 fold 56 180 2.75 3.5
diluted SCG

In case of CS a combination of operating procedures, such as short hydrolyzing
duration and higher waste concentration, is optimal for biomass generation. E. coli
wild-type SGR in a medium of 200 g L-' CS containing medium hydrolyzed for 25 min
and twice diluted was 0.64 * 0.02 h1 yielding 0.495 * 0.015 g L1 biomass. Longer
hydrolysis is efficient for degradation of CS lignocellulosic structures, thus, resulting
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in a higher yield for biohydrogen (Mirzoyan et al., 2022). The usage of longer
hydrolyzed and twice diluted 65 g L' CS was the most efficient medium for highest H,
yield where in septuple mutant grown in this medium, reaching up 2.15 mL (g CS)
(Table 1).

CONCLUSIONS

The following conclusions were made based on experimentally obtained results:

1. In the presence of 2 g L glucose, Hyd-4 is partially responsible for Hz production
at pH 5.5 and works in Hx-oxidizing conditions at pH 7.5, while at pH 6.5 Hyd-4-
activity was demonstrated in the presence of 8 g L' glucose.

2. Hyd-3 is the main enzyme responsible for Ha production, but HycG, HycH and
Hycl subunits exhibit dual function depending on external conditions (pH, glucose
concentration).

3. HyfB, HyfD, and HyfF subunits of hydrogenase-4 are critical in total and FoF:-
ATPase-mediated proton/potassium fluxes at pH 7.5. Under energy-limited conditions,
in hyfF, the DCCD-sensitive proton flux was absent, and in hyfD, the DCCD inhibited
the flux by 60%.

4. In the presence of low glucose, the total proton flux in hyaA-hyaC mutants
increased by ~30% compared to the wild type, whereas high glucose resulted in
increased flux equally in the wild type and mutants. Absence of the HyaB subunit
resulted in a ~3-fold increase in DCCD-sensitive proton flux, whereas in the HybC
mutant it was reduced ~3.5-fold, indicating that HybC is essential for FoFi-ATPase
activity.

5. Glucose concentration affects the activity of the subunits involved in the
maturation process of Hyd-1 and Hyd-2, in particular cross-regulation between the
maturation proteins of hydrogenases was shown, as evidenced by the effect of the hybF
mutant on both Hyd-1, and on Hyd-2.

6. Hydrolysis of SCG with H2SO4 for 45 min at a 2-fold dilution was optimal for E.
coli growth and Hz production: ~31 mL Ha (g carbohydrate!' or 2.75 L (kg SCG). Hyd-
3 and Hyd-4 affected the specific growth rate in the hydrolyzate. Hyd-3 was responsible
for H, production, while Hyd-1 and Hyd-2 had no significant role. The yield and rate
of Hy production increased ~2-fold in the septuple mutant to ~72 mL H (g
carbohydrate!’ or 5.5 L Ha (kg SCG)".

7. The specific growth rate of E. coli wild type in 200 g L CS hydrolyzed for 25
min and twice diluted medium was 0.64 * 0.02 h, producing 0.495 + 0.015 g L
biomass. In 65 g L' CS hydrolyzed for 45 min and twice diluted, Ha yield was the
highest, reaching 2.15 ml (g CS)" in the septuple mutant.
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ESCHERICHIA COLI-NkU 2PUOLP L3NkEUPNUULUUNRE3NRLLE L
MPASNLU3PL Shull GL3NRUNRP SUMPENM UNLSELSMrUShuLErh
hUnNruusv mMuduuvuernhy

Udthnthwghp

Pwuwih pwnbp' Ecoli hpnpnbuwqubp, qyniyngh  Ynugbumnpwghw,
wpnunnu/Yuihnuwlwu nbnwihnfunipniu, FoF-Ubdwqg, H84-qquyniu hnuwjhu
hnuptip:

Lhnmwgnunipjwt twywwwlu £ nwnwuwupplp Eccoli hhnpngbitwg
dbpdbunubph wnwudht  Gupwdhwynpubph nbpp LW npwug wgnbgnieiniup
wpnunnu/Yuihnwwlwu hnupbiph, punwupwlww $bpdtunubph wynhynigjwu b
wjl  thnfuwgntignigniutiph - dpw - gyniyngh  wnwppbip - Ynugbnpwghwubph
fudnpdwu pupwgpni: Nwnwiuwuppbind gynityngh  nwppbp  hwuwubihnyejwu
wuwjdwuubpp' deup thnpabighup wwpaby, R huswbu Bu wyu Gupwdhwynpubpu
wannu E. coli-h ujnipwihnfuwtwlwihtu hwpdwpynnuwunipjut ypw fudnpdwu
wwdwuubpnid' tinfuliiny hnuwiht hnupbipp, npu £ pny| Yuiw pugwhw)nt npwug
ntipp hhnpngbuwgh wlwhynipjw u poohu tutinghwlwu
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ynipwihnfuwuwynyywu dbg: Pwgwhwynyb) £, np pH 7,5-nid hhduwwtu Hs-
wpwnwnpnn $bpdtunp <phn-3-u t, dhusnbin <pn-4-p hhduwywunw ubpgpuyyws
Hx-h opuhnwgdwt b wypnuinuh wnbnwhnfudwt db nbiwh <hn-3 HycB Ywd HycG
Gupwdhwynpubiphu: Wu pH-nwd wnwewpyynud £, np <hn-3-p <hn-4-p Yuqunw Gu
Ho-wpwwnpnn <pn hwdwipp: pH 5,5-nd bu URL-T b URL-2 hwdwihpubpp
dhwynpynd Bu' sbwynpbiny Ho-wpuwnpnn gbphwdwihp: Hhuwypbing <pn-4-h
Ywpunp  gnpdwnnypp  pH  7,5-nid wpnuinuwpwpd  nidh  wnwowgdwl
gnpdpupwgnwd, nwnwiuwuhpyt) £ dwutwynpuwbu  HyfB, HyfD L HyfF
Gupwdhwynpubiph nbpp wypnunt/ YuipnwWwlwu wnbnwinfuniggniunud: Snyg £
wnpybi, np gqyniyngh uwhdwuwthwly pwuwynipjut wwydwuubpnud HyfD-u b HyfF-
U woluwwnnu Bu Eubpghwih wwhwwudwu ninnnipjwdp’ thnfuwgntiing FoFi-h hbw'
pwnwuph GpYwjupny Ywd dhony wpnuinuh wprynitwybn  hnfuwugdwu b
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BAHAH JIMAHA MAHBEJIOBHA

BO/OPOJIHbIi1 OBMEH U MPOTOHHbII LIUKN Y ESCHERICHIA COLI B
YCNOBUAX BPOMEHUA NPU PA3JIMYHOWN KOHUEHTPALUU MKOKO3bl
PE3IOME

Kniouesblie cnoa: E.coli, rupporeHasbl, KOHLUEHTpaLuA FOKO3bl, TpaHCMOpT
npotoHoe/kanua, FoF-ATdaza, ALK/, -4yscTBUTENBHbBIE NOHHbIE TOKW.
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Lenb wuccneposaHua - W3yuuTb poib OTAENbHbIX CybbeauHul, epmeHToB
rmpporeHasbl E.coli v wx BnMAHME Ha MOTOKM NPOTOHOB/KANWA, aKTUMBHOCTb
MembpaHOCBA3aHHbIX (DEPMEHTOB U Apyrue B3auMOAeicTBUA Npu OPOKEHUN TIOKO3bI
pa3nMyHbIX KOHLEHTpaumii. Mccnepya ycnoBuaA pasnnyHoii SOCTYMHOCTU MIOKO3bI, Mbl
CTPEMUIIUCL  BbIACHUTb, Kak 3TW CyObeAWHWULbl BAMAIOT Ha MeTabonMyeckyto
apantaumto E. coli B ycnoBuax 6pomeHuA, nyTem U3MEHEHWA MOTOKOB WMOHOB, YTO
yKasblBaeT Ha UX po/iib B aKTMBHOCTU TMAPOreHasbl U KNETOYHOM SHEPreTUYeCKOM
meTabonusme. bBbino obHapymeHo, uTo uA-3 ABNAETCA OCHOBHbIM (PepMEHTOM,
npoayuvpytowmm Ha, npu pH 7,5, torpa kak [up -4 B OcHOBHOM y4acTByeT B
okucnennn Hx n nepeHoce npoToHoB K cybbeanHuuam HycB unu HycG ua-3.
Mpepnonaraetca, 4to npu atom pH Tua-3 u np-4 obpasyor komnnexkc ug,
npopyuupytowuii Ha. Mpu pH 5,5 Tna-3 n Mna-4 BbINOAHAIOT KOHTPKOMMEHCATOPHYHO
¢yHKumio no npomssoacTsy Ha, u cHosa npepnonaraetca, 4to Npu pH 5,5 komnnekcsbl
FHL-1 v FHL-2. Habniopaa 3a BaHOW cyHKumell na-4 B npouecce reHepauum
MPOTOHHOW JBwyLLeil cunbl npu pH 7,5, B yacTHocTn, Obina usyyeHa yHKUUA
cybwveauuy, HyfB, HyfD n HyfF B TpaHcnopte npotoHos/kanua. bbino nokasaqo, 4to
B YCNOBUAX OrpaHuyeHHoro copepxanua rmokosbl HyfD u HyfF cnocobersytot
COXpaHeHuto aHepruu nytem s3aumopelicteua ¢ FoFr ana acbcexTnBHOro nepeHoca u
TpaHCnoKauunm NpPOTOHOB uepe3 MembpaHy WM yepes Hee, 4Tobbl cbanaHcuposaTb
rpafveHT MpOTOHOB U, CrefoBaTeNbHO, ABUNKYLLYIO cuy npoToHoB. Ele 6onbwe H*
MoeT 6bITb nepeHeceHo Yepe3 FoF1 B HyfD unu HyfF yepes komnnexc Tnonosbix rpynn
(FoFi-HyfF-TrkA), 4tobbl cbanaHcupoBaTb MPOTOHHbBIN FPAAUEHT W OBUMYLLYIO CUny
npotoHoB. [lofobHble 3aKOHOMEPHOCTU ObiNM  TakKe W3yyeHbl ANA  OTAENbHO
cBA3aHHbIX ¢ MembpaHoil na-1 u Mna-2, a Takwe ANA LONOMHNTENbHbLIX CYybbeanHNUL,
CrocobCcTBYIOLLMX co3peBaHunto. B yacTHocTH, 6bino NokasaHo, 4TO B 3aBUCUMOCTU OT
KOHLUEHTpauun  rNioKo3bl  pasHble  cybbeauHuubl  [up  -pepmeHTOB  HecyT
OTBETCTBEHHOCTb W MO-pa3sHOMY Y4acTBYIOT B pasHbix npoueccax. B ycnosusax
orpaHuyeHHoi sHeprumn up-1 u np-2 pabotaloT Haj COXpaHEHUEM 3SHEprum,
B3aumopeiictya ¢ FoF1 ana agpcpekTnBHOrO NepeHoca NPoTOHOB Yepes MeMbpaHy unm
TpaHcrnopTa Yepe3 MembpaHy, 4Tobbl cbanaHcMpoBaTb rpafMeHT NPOTOHUPOBAHUA U,
CnepoBaTeNnbHO, ABUKYLLYIO CUiy NMPOTOHOB. [A-2 oTBEYaeT 3a TPaHCMOPT NPOTOHOB
yepe3 FoF-ATda3, oH AocTaBnAeT NpPOTOHbI B pe3ynbTaTe OKWUCIEHUA BOAOPOAA
HenocpeacTeeHHo B FoFi-ATda3 nubo uyepes Tmonosble rpynnbl, anbo yepes ma-4.
lMonyyeHHble 3aKOHOMEPHOCTM Takie HabnopanMcb NpU UCMOAb30BaHUM Pa3NYHbIX
OTXOf0B, 0DpasytoLMXcA B pesynbTaTe MPOM3BOACTBA M noTpebneHus kodpe. Bbino
MokasaHo, 4TO KodpeliHaa rywia W NjeHKka ABMAOTCA  NepCrneKTUBHbIMU
JIMTHOLLENIONO3HBIMA OTXOJ,aMU, KOTOpble MOMHO 3(hheKTMBHO nepepabaTbiBaTb C
BbICOKNM BbIXOAOM 61omaccbl U 61MOBOAOPOAA MOCPEACTBOM AJIMTENBHOO (OU3UKO-
XMMUYECKOTO A PONn3a N NMpUMEHEHUA MyTaHTOB.
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