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Supplementary Note 1. Summary of reports on alkalization during capacitation.

Several reports have been cited for sperm alkalization during capacitating conditions
(Supplementary Table 6) '"!!. Meizel & Deamer studied acrosomal rather than cytosolic pH;
changes in pH; during capacitation were not examined'. Babcock and colleagues studied pH;
increase by NH4Cl or changes in [K']; neither capacitation was studied nor HCO3™ was
employed or mentioned?. Parrish and colleagues studied the effect of heparin on alkalization®.
Both pH, and pHi increased during 5 h incubation. The mechanism by which heparin changes
pHi is not known. Zeng and colleagues report an increase of ApH; = 0.2 after HCOs™ addition®;
spontaneous recovery from alkalization does not involve Na'/H" exchange or other ion-
dependent transport pathways. Vredenburgh-Wilberg & Parrish observed ApH; of 0.2 upon
heparin treatment for 5 h (ref. 5). Nakanishi and colleagues studied acrosomal pH; during
capacitation®. Demarco and colleagues measured ApH; = 0.15 upon addition of 5 mM HCO3"
(ref. 7). Finally, Carlson and colleagues did not observe a pH; change upon HCOs5"
treatment'!. In summary, three out of nine studies reported ApH; of 0.1-0.2 upon capacitation;
one reported a larger increase (ApH; = 0.75) that was related to CFTR activity®; one study
reported no change in pH; (ref. 11). We suggest that during lengthy incubations in an open
system, CO; leaves the solution and, thereby, shifts the CO,/HCO3;/H" equilibrium to the left,

and the solution alkalizes.



Supplementary Note 2. Kinetics of CO: diffusion across membranes.

We calculated the kinetics of CO> diffusion across cell membranes. The mechanisms of
CO»/HCOs transport are controversial'>!4, but for the following estimate irrelevant. If only
CO. diffusion contributes, T = V/(A Pco2), wherein V is the cell volume, A is the membrane
surface, and Pcoy is the membrane permeability. Values for Pcoz vary between 1.5x10 cm s™
and 0.33 cm s™! (ref 14). Taking the smallest Pcoo, for a flagellum (radius r = 0.125 um; length
1 =50 um) and a spherical CHO cell (r = 10 um), T becomes 25 ms and 333 ms, respectively.
Larger Pcoz values yield even faster transport rates. Thus, the kinetics of cell acidification are
not rate-limited by CO; diffusion across the membrane. Rather, the rate constants of the CO>
+ H>O =» HCOs + H' reaction determine the rate of k the changes in pH;. In the absence of
carbonic anhydrase (CA), k = 0.037 s or T =27 s (ref. 15). In conclusion, the large difference
of Tofr of ApH; between human sperm, CHO cells, and HEK293 cells must be caused by

different CA inventories.
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Supplementary Figure 1. MS signal of lowest LOD values and positive controls.

(a) Transition channels of the most sensitive PRM analysis of all used peptides corresponding
to SCNNIA, CFTR, SLC4A4, and SLC26A6. Peptide sequences are given; asterisks denote
the 1°C- and '®N-labelled amino acids in standard peptides. Upper panels: No specific PRM
signals detected for endogenous peptides derived from 90,000 sperm cells; lower panels:
PRM signals detected from 1 attomole (5 attomoles for DTQALLSATQAMDLR (SLC26A6)
and 50 attomoles for SPTFLER (SLC4A4)) of standard peptide spiked into endogenous
peptides derived from 90,000 sperm cells. Transitions of the different fragment ions are color-
coded. (b) Transition channels of PRM analysis of heavy peptides spiked into HEK293 cell
peptides as positive control. Upper panel: On the left, 5 fmol of standard peptide FLFILLGPK
(SLC4A4) spiked into 1 pg of HEK293 cell peptides, signal for standard and endogenous
peptide can be detected; on the right, 5 fmol of this standard peptide measured without matrix,
no endogenous signal can be detected. Lower panel: On the left, 5 fmol of standard peptide
DTQALLSATQAMDLR (SLC26A6) spiked into 1 pg of HEK293 peptides, signal for
standard and endogenous signal can be detected; on the right, 5 fmol of this peptide measured

without matrix, no endogenous signal can be detected.



a Calibration curves for quantification of carbonic anhydrase 2.
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b Calibration curves for quantification of chloride anion exchanger SLC26A3.
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¢ Calibration curves for quantification of CatSper1.
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d Calibration curves for quantification of CatSper2.
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e Calibration curves for quantification of CatSper3.
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f Calibration curves for quantification of CatSper4.
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g Calibration curves for quantification of CatSperB.
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h Calibration curves for quantification of Slo3.
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Supplementary Figure 2. Calibration curves for all quantified proteins.

(a-h) Calibration curves generated for quantification of CA2, SLC26A3, CatSper1-4,
CatSperB, and Slo3. Calibration curves from all biological replicates and for all peptides of
the respective proteins are shown. X-axis shows fmol of peptide on column and y-axis shows
the signal intensity. Grey data points correspond to signal generated by standard peptide,
turquoise data points correspond to the signals generated by endogenous peptides. R? value
for each calibration curve is given in the inset. Shaded grey area indicates confidence interval

of the linear regression. Source data is provided as a source data file.
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Supplementary Figure 3. PCF recordings of human sperm. Comparison of changes in

pHi in different compartments of the cell.

(a) pHrodo-Red-loaded human sperm with attached patch pipette and manually chosen ROIs.
Scale bar 3 um. (b) Alkalization induced by a +70-mV depolarization step and subsequent
Hy1 activation during PCF recording in presence of CO2/HCO3™ (5%/25 mM). Superposition
of fluorescent signal of different ROIs. (¢) Normalized superposition of fluorescent signals
from (b). (d) Difference of ti» of Hyl-induced alkalization activation from respective ROIs
compared to the ROI at the pipette (green, nceiis = 3, data points and error bars show mean +

SD). Source data is provided as a source data file.
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Supplementary Figure 4. Additional experiments testing for Na*/H* exchange and

behavior of sperm exposed to CO2/HCO3".

(a) Superposition of the fluorescence change of pHrodo-Red (black) and ANG-2 (green) in a
sperm cell upon switching from pH,6.5 to pH,7.7. (b) Long-term recording of pH; with

pHrodo Red-loaded sperm before and during superfusion with CO2/HCO3™ (5%/25 mM).



Traces from four individual sperm cells. (¢) Fluorescence change of pHrodo-Red loaded
sperm during exposure to 25 mM HCO3™ without additional CO; gassing. (d) PCF recording
showing changes in pH; (pHrodo-Red 12.5 uM) (F) and currents (I) upon superfusion of
sperm with CO2/HCO3™ (5%/25 mM). Cell was held at Vi, = -30 mV. The gap was caused by
the software delay between the start of two subsequent recordings. (e¢) PCF recording from
sperm of a wt mouse during superfusion with ES (black bar) and CO»/HCOs3" (blue bar).
Changes in pHi (upper) and currents (lower). Vin was first stepped from a holding potential
of -30 mV to -90 mV to activate putative voltage-gated SLCICI1, followed by a step

from -30 mV to +70 mV to activate Hy1. (f) Similar recordings from sperm of an

SLCY9CI” mouse.
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Supplementary Figure 5. Additional PCF experiments on human sperm and CHO cells

expressing hHv1.

(a) Time course of fluorescent change during solution exchange between pipette and sperm
head (black) and flagellum (red) measured by PCF after break-in. The pipette was filled with
12.5 uM of pHrodo Red-maleimide. The holding potential Vi, was -30 mV. (b) Half times ti»
of Hyl-mediated alkalization and subsequent acidification of a single sperm cell in absence
(grey) and in presence of ACZ (100 uM, red; ncontrol = 9; nacz = 4). Two-factor ANOVA
followed by post-hoc Tukey’s test for multiple comparison: Ctrlak vs. ACZaw p < 0.0001;
Ctrlacia vs. ACZacia p = 0.4; Ctrlai vs. Ctrlacia p = 0.9; ACZai vs. ACZacia p = 0.006. (¢)

Changes in pH; recorded by patch-clamp fluorometry in a CHO cell expressing hHy1. The cell



was sequentially superfused with ES + amiloride, ES, and finally ES + CO2/HCO;3™ (5%/25
mM). The pH; response was elicited by stepping Vi from -30 mV to +60 mV. (d)
Superposition of the normalized pH; response in ES (black), ES + amiloride (500 uM) (red),
and ES + CO2/HCO3™ (blue). Box plots represent 25%, 50% (median), and 75% quartiles, with
whiskers displaying minimum and maximum data points. Source data is provided as a source

data file.

pH,<pH, pH = pH,

Qutward proton current

v

Membrane potential Vi,

Supplementary Figure 6. Control of Hv1 activity by Vm and ApHm across the

membrane.

Scheme illustrating the control of Hyl by ApHim across the membrane and V. The interrupted

line (red) illustrates that proton currents via Hy1 can be activated without a change in V.



Supplementary Table 1. Summary of proteomic studies.

by sonification & sucrose
gradient centrifugation

Author Method Preparation Detected proteins
. 4675 sperm
0,
Wang et al., 2013 LC-MS/MS 60% PerFoII grgdlent proteins; 227
centrifugation . .
testis-specific
15-75% Percoll gradient
. ion + .
Bakeretal, 2013 | LC-Ms/ms | ractionation + head/tall 1429
separation by sonification
& Percoll centrifugation
Gu et al., 2011 LC-MS/MS Swim-up 1019
50% Percoll centrifugation
+ leucocyte removal with
Amaral et al., 2014 LC-MS/MS Dynabeads + tail isolation 1049




Supplementary Table 2: Signaling proteins identified in human sperm by MS

genes encoded proteins Uniprot Wang et B1 B2 B3
entry al.

ABHD?2 Monoacylglycerol lipase P08910 + + + +

ADCYI10 Soluble adenylate cyclase Q96PN6 + + + +

AKAP3 A-Kinase anchor protein 3 075969 + + + +

AKAP4 A-Kinase anchor protein 4 Q5JOCY + + + +

ATP1A44 Na'/K*-ATPase alpha-4 Q13733 + + + +

ATP2BI1 Plasma membrane Ca**- P20020 + + + +
transporting ATPase

ATP2B3 Plasma membrane Ca?'- Q16720 - + + +
transporting ATPase

ATP2B4 Plasma membrane Ca*'- P23634 + + + +
transporting ATPase

CA?2 Carbonic anhydrase 2 P00918 + + + +

CA4 Carbonic anhydrase 4 P22748 + + + +

CATSPER I | Sperm-specific Ca** channel 1 | Q8NECS5 + + - +

CATSPER 2 | Sperm-specific Ca’" channel 2 | Q96P56 + + + +

CATSPER 3 | Sperm-specific Ca®* channel 3 | Q86XQ3 - + + +

CATSPER 4 | Sperm-specific Ca? channel 4 | Q7RTX7 + + + +

CATSPER B | Sperm-specific Ca® channel QI9H7TO + + + +
beta

CATSPER G | Sperm-specific Ca*" channel Q6ZRH7 + + + +
gamma

CATSPER D | Sperm-specific Ca?* channel Q86XM0 + + + +
delta

CATSPER E | Sperm-specific Ca*" channel Q5SY80 + + + +
epsilon

CATSPER Z | Sperm-specific Ca® channel QINTU4 + + - -
zeta

EFCABY9 Ca’'-binding protein A8MZ26 + + + +

HVCNI H,1 channel Q96D96 + + + +

KCNUI Slo3 K* channel AZMYU2 + + + +

LRRCS52 Auxiliary subunit of Slo3 Q8N7CO + + + +

PDE10A cAMP-specific Q9Y233 + + + +
phoshodiesterase

PPPICC Sperm-specific phosphatase P36873 + + +

PRKACA cAMP-dependent protein P17612 + + + +
kinase catalytic subunit alpha

PRKARIA cAMP-dependent protein P10644 + + + +
kinase type I regulatory
subunit alpha

PRKAR2A4 cAMP-dependent protein P13861 + + + +
kinase type Il regulatory
subunit alpha

PRKARIB cAMP-dependent protein P31321 + + + +
kinase type I regulatory
subunit beta

SLCICI1 Na'/H" exchange Q4GON8 + - +

SLCI9C2 Na'/H" exchange Q5TAH2 -1 + + +

SLC9B1 Na‘/H" exchange Q47114 - + + +



https://www.uniprot.org/uniprotkb/P08910/entry
https://www.uniprot.org/uniprotkb/Q96PN6/entry
https://www.uniprot.org/uniprotkb/O75969/entry
https://www.uniprot.org/uniprotkb/Q5JQC9/entry
https://www.uniprot.org/uniprotkb/Q13733/entry
https://www.uniprot.org/uniprotkb/P20020/entry
https://www.uniprot.org/uniprotkb/Q16720/entry
https://www.uniprot.org/uniprotkb/P23634/entry
https://www.uniprot.org/uniprotkb/P00918/entry
https://www.uniprot.org/uniprotkb/P22748/entry
https://www.uniprot.org/uniprotkb/Q8NEC5/entry
https://www.uniprot.org/uniprotkb/Q96P56/entry
https://www.uniprot.org/uniprotkb/Q86XQ3/entry
https://www.uniprot.org/uniprotkb/Q7RTX7/entry
https://www.uniprot.org/uniprotkb/Q9H7T0/entry
https://www.uniprot.org/uniprotkb/Q6ZRH7/entry
https://www.uniprot.org/uniprotkb/Q86XM0/entry
https://www.uniprot.org/uniprotkb/Q5SY80/entry
https://www.uniprot.org/uniprotkb/Q9NTU4/entry
https://www.uniprot.org/uniprotkb/A8MZ26/entry
https://www.uniprot.org/uniprotkb/Q96D96/entry
https://www.uniprot.org/uniprotkb/A8MYU2/entry
https://www.uniprot.org/uniprotkb/Q8N7C0/entry
https://www.uniprot.org/uniprotkb/Q9Y233/entry
https://www.uniprot.org/uniprotkb/P36873/entry
https://www.uniprot.org/uniprotkb/P17612/entry
https://www.uniprot.org/uniprotkb/P10644/entry
https://www.uniprot.org/uniprotkb/P13861/entry
https://www.uniprot.org/uniprotkb/P31321/entry
https://www.uniprot.org/uniprotkb/Q4G0N8/entry
https://www.uniprot.org/uniprotkb/Q5TAH2/entry
https://www.uniprot.org/uniprotkb/Q4ZJI4/entry

SLCY9B2 Na'/H" exchange Q86UDS5 - + + +
SLC26A43 ClI/HCOj transport P40879 - + + +
SLC26A8 CI', oxalate, SO4* transport Q96RNI1 + + + +
SLC3041 Zn*" transport Q9Y6MS + + + +
SLC3049 Zn** transport 6PML9 - + + +
SLCO6A1 organic anion transport Q86UG4 + + + +
TMEM249 CatSper auxiliary subunit Q2WGJ8 + + + +

'Two peptides were detected in 1 from 3 measurements. The peptide sequences do not completely agree with the
SLCICI1 sequence (86%). Probably SLCIC2 was detected.


https://www.uniprot.org/uniprotkb/Q86UD5/entry
https://www.uniprot.org/uniprotkb/P40879/entry
https://www.uniprot.org/uniprotkb/Q96RN1/entry
https://www.uniprot.org/uniprotkb/Q9Y6M5/entry
https://www.uniprot.org/uniprotkb/Q6PML9/entry
https://www.uniprot.org/uniprotkb/Q86UG4/entry
https://www.uniprot.org/uniprotkb/Q2WGJ8/entry

Supplementary Table 3: Diverse other sperm-specific proteins identified in human sperm by MS

genes encoded proteins Uniprot Wang et B1 B2 B3
entry al.

ACR Acrosin P10323 + + + +

CRISP1 Cystein-rich secretory protein | P54107 + + + +
1

DNAHI17 | Dynein heavy chain 17 Q9UFH2 + + + +
axonemal

GAPDH S | Sperm-specific 014556 + + + +
glyceraldehyde-3-phosphate
dehydrogenase

IZUMOI | Izumo sperm-egg fusion Q8IYV9 + + + +
protein 1

1IZUMO?2 | Izumo sperm-egg fusion Q6UXVI1 + + + +
protein 2

IZUMO3 | Izumo sperm-egg fusion Q5VZ772 + + + +
protein 3

1ZUMO4 | Izumo sperm-egg fusion Q1ZYLS + + + +
protein 4

LDHC L-Lactate dehydrogenase ¢ P07864 + + + +

ODF1 Outer dense fiber protein 1 Q14990 + + + +

ODF?2 Outer dense fiber protein 2 SBJF6 + + + +

ODF3 Outer dense fiber protein 3A 96PU9 + + + +

ODF3B Outer dense fiber protein 3B | ASMYPS + + + +

PPP3R2 Calcineurin subunit B type 2 | Q96L723 + + + +

PLCZI Phospholipase C zeta 1 86YWO + + + +

SPACAI Sperm acrosome-associated Q9HBV?2 + + + +
protein 1

SPACA3 Sperm acrosome-associated Q8IXAS + + + +
protein 3

SPACA4 Sperm acrosome-associated 8TDM5 + + + +
protein 4

SPACAS Sperm acrosome-associated Q960QHS + + + +
protein 5

SPACA6 Sperm acrosome-associated WSXKTS8 - + + +
protein 6

SPACA7 Sperm acrosome-associated 96KW9 + + + +
protein 7

SPACAY Sperm acrosome-associated Q96E40 - + + +

protein 9



https://www.uniprot.org/uniprotkb/P10323/entry
https://www.uniprot.org/uniprotkb/P54107/entry
https://www.uniprot.org/uniprotkb/Q9UFH2/entry
https://www.uniprot.org/uniprotkb/O14556/entry
https://www.uniprot.org/uniprotkb/Q8IYV9/entry
https://www.uniprot.org/uniprotkb/Q6UXV1/entry
https://www.uniprot.org/uniprotkb/Q5VZ72/entry
https://www.uniprot.org/uniprotkb/Q1ZYL8/entry
https://www.uniprot.org/uniprotkb/P07864/entry
https://www.uniprot.org/uniprotkb/Q14990/entry
https://www.uniprot.org/uniprotkb/Q5BJF6/entry
https://www.uniprot.org/uniprotkb/Q96PU9/entry
https://www.uniprot.org/uniprotkb/A8MYP8/entry
https://www.uniprot.org/uniprotkb/Q96LZ3/entry
https://www.uniprot.org/uniprotkb/Q86YW0/entry
https://www.uniprot.org/uniprotkb/Q9HBV2/entry
https://www.uniprot.org/uniprotkb/Q8IXA5/entry
https://www.uniprot.org/uniprotkb/Q8TDM5/entry
https://www.uniprot.org/uniprotkb/Q96QH8/entry
https://www.uniprot.org/uniprotkb/W5XKT8/entry
https://www.uniprot.org/uniprotkb/Q96KW9/entry
https://www.uniprot.org/uniprotkb/Q96E40/entry

Supplementary Table 4: Signaling proteins that were not detected in human sperm by MS
genes encoded proteins Uniprot entry Wang et al.
CFTR Cystic fibrosis transmembrane conductance P13569 -
KCNMAI K" channel Slol Q12791 -
KCNMBI K" channel Slol beta subunit 1 Q16558 -
KCNMB2 | K" channel Slo1 beta subunit 2 Q9Y691 -
KCNMB3 | K" channel Slo1 beta subunit 3 QINPAI -
KCNMB4 | K channel Slo1 beta subunit 4 86W47 -
LRRC26 K" channel Slol gamma subunit 1 210M4 -
LRRC38 K* channel Slol gamma subunit 4 Q5VT99 -
LRRCS55 K* channel Slol gamma subunit 3 Q6ZSA7T -
SCNNIA Na* channel ENaC subunit A P37088 -
SCNNIB Na* channel ENaC subunit B P51168 -
SCNNIG Na' channel ENaC subunit G P51170 -
SLC4A41 CI'/HCOs™ transport P02730 +1
SLC4A42 CI/HCOj transport P04920 -
SLC4A43 CI/HCO;j transport P48751 -
SLC4A44 Na*/HCOs™ co-transport QI9Y6R1 -
SLC4A45 Na*/HCOs" co-transport QI9BYO07 -
SLC4A47 Na'/HCOj" co-transport 9Y6M7T -
SLC4A48 Na/HCOs" co-transport 2YOWS -
SLC4A49 anion exchange; protein 4 Q96091 -
SLC4A410 | Na'-driven CI/HCOj transport 6U841 -
SLC4A411 Na'/HCOj" transporter-like Q8NBS3 -
SLC8A1 Na'/Ca®" exchange 1 P32418 -
SLC8A2 Na'/Ca®" exchange 2 QI9UPR5 -
SLC8A3 Na'/Ca®" exchange 3 P57103 -
SLC22414 | organic cation transport Q9Y267 -
SLC2442 | Na'/Ca*"-K' exchange Q94140 -
SLC2444 | Na'/Ca*-K* exchange Q8NFF2 -
SLC26A1 | SO4* transport Q9H2B4 -
SLC2642 | SO4* transport P50443 -
SLC2644 | Na'-independent CI7/I" transport Q43511 -
SLC26A45 prestin P58743 -
SLC26A46 organic/inorganic anion transport Q9BXS9 -
SLC2647 | Na'-independent anion HCOs™ transport Q8TES4 -
SLC26A49 CI/HCOs™ exchange; HCO;' transport Q7LBE3 -
SLC26A410 | CI7THCO; exchange Q8NGO04 -
SLC26A11 | Na'-independent SO4> transport 86WA9 -

ISLC4AL1 is a house-keeping HCOs™ transporter that is abundantly expressed in many cell types. A positive result

may be due to small contaminations.



https://www.uniprot.org/uniprotkb/P13569/entry
https://www.uniprot.org/uniprotkb/Q12791/entry
https://www.uniprot.org/uniprotkb/Q16558/entry
https://www.uniprot.org/uniprotkb/Q9Y691/entry
https://www.uniprot.org/uniprotkb/Q9NPA1/entry
https://www.uniprot.org/uniprotkb/Q86W47/entry
https://www.uniprot.org/uniprotkb/Q2I0M4/entry
https://www.uniprot.org/uniprotkb/Q5VT99/entry
https://www.uniprot.org/uniprotkb/Q6ZSA7/entry
https://www.uniprot.org/uniprotkb/P37088/entry
https://www.uniprot.org/uniprotkb/P51168/entry
https://www.uniprot.org/uniprotkb/P51170/entry
https://www.uniprot.org/uniprotkb/P02730/entry
https://www.uniprot.org/uniprotkb/P04920/entry
https://www.uniprot.org/uniprotkb/P48751/entry
https://www.uniprot.org/uniprotkb/Q9Y6R1/entry
https://www.uniprot.org/uniprotkb/Q9BY07/entry
https://www.uniprot.org/uniprotkb/Q9Y6M7/entry
https://www.uniprot.org/uniprotkb/Q2Y0W8/entry
https://www.uniprot.org/uniprotkb/Q96Q91/entry
https://www.uniprot.org/uniprotkb/Q6U841/entry
https://www.uniprot.org/uniprotkb/Q8NBS3/entry
https://www.uniprot.org/uniprotkb/P32418/entry
https://www.uniprot.org/uniprotkb/Q9UPR5/entry
https://www.uniprot.org/uniprotkb/P57103/entry
https://www.uniprot.org/uniprotkb/Q9Y267/entry
https://www.uniprot.org/uniprotkb/Q94I40/entry
https://www.uniprot.org/uniprotkb/Q8NFF2/entry
https://www.uniprot.org/uniprotkb/Q9H2B4/entry
https://www.uniprot.org/uniprotkb/P50443/entry
https://www.uniprot.org/uniprotkb/Q43511/entry
https://www.uniprot.org/uniprotkb/P58743/entry
https://www.uniprot.org/uniprotkb/Q9BXS9/entry
https://www.uniprot.org/uniprotkb/Q8TE54/entry
https://www.uniprot.org/uniprotkb/Q7LBE3/entry
https://www.uniprot.org/uniprotkb/Q8NG04/entry
https://www.uniprot.org/uniprotkb/Q86WA9/entry

Supplementary Table 5: List of standard peptides

Protein

Standard peptide sequence

Carbonic anhydrase 2 EPISVSSEQVLK
QSPVDIDTHTAK
VVDVLDSIK
Chloride anion exchanger LIDAVGFSPLR
YEFFDGEVK
Cystic fibrosis transmembrane conductance regulator AYFLQTSQQLK
SPFTHLVTSLK
Amiloride-sensitive sodium channel subunit alpha KPCSVTSYQLSAGYSR
YSSFTTLVAGSR
Electrogenic sodium bicarbonate cotransporter 1 SPTFLER
FLFILLGPK
Solute carrier family 26A, member 6 CGVDVDFLISQK
DTQALLSATQAMDLR
CatSperB GFPQENEIIK
FEASGPPTAFGNSR
CatSperl SLIHDAPGPAASR
SYGEDYHDELQR
CatSper2 LQYNLEER
CatSper3 LIQYSQGIR
TVASVLLR
CatSper4 FNQEQESEVLNR
VHDSSSQILLK
Potassium channel subfamily U member 1 QHITVPSVK

YTSSYEALK




Supplementary Table 6. Summary of studies that examined changes in pH; under capacitating
conditions'

Authors Species Agent (mM)/system? ApH pH indicator

Meizel und Deamer (1978) Hamster none acrosome 9-AA°
13C-methylamine

Babcock et al. (1983) Bovine none n.d. CF*

Parrish et al. (1989) Bovine Heparin 0.4 CF*

Vredenburg-Willberg und . . 5 p

Parrish (1995) Bovine Heparin 0.22 BCECF

Zeng et al. (1996) Mouse HCOs5 (22.5)/0.s. 0.197 BCECF

Nakanishi et al. (2001) Mouse HCOs (25)/0.s. acrosome EGFP?

Demarco et al. (2003) Mouse HCOs (5)/0.s. 0.15 BCECF

Xu et al. (2007) Mouse HCO5 (25)° 0.75 BCECF

Carlson et al. (2007) Mouse HCOs (15)/0.s. no change BCECF

Cross and Razy-Faulkner Human HCOs (25)/0.s. 0.14 BCECF

(1997)

Lopez-Gonzalez et al. (2014) | Human HCOs" (15)/0.s. n.d.! BCECF

IStudies that are cited in the literature as showing changes in pH; under capacitating conditions; in fact,
several of these studies do not use capacitating conditions involving HCOs". %0.s., open system; 9-AA,
9-aminoacridine; *CF, carboxyfluorescein; pH; was constant for 3 h and then increased within 2 h;
’BCECF, 2'-7'-bis(carboxyethyl)-5(6)-carboxyfluorescein, 'capacitation was completed in < 2 h; SEGFP,
pH-sensitive enhanced green fluorescent protein; *conditions were not clear from description, '’ApH; was
not determined; only a subpopulation of sperm displayed a shift in flow cytometry.
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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):
General comments

In this manuscript, Grahn et al report an interesting and important study challenging several existing
concepts on the signaling players in the capacitation-associated intracellular alkalization in human
sperm, based on the quantitative mass spectrometry and kinetic patch-clamp fluorometry. Different
from previously suggested, first, they found the pHi is set by an amiloride-sensitive N+/H+ exchanger
of the SLC9B, but not another type of N+/H+ exchanger SLC9C1 (sNHE) nor HCO3- transporters.
Second, they also claim that rapid CO2 diffusion into cells and carbonic anhydrase that readjusts the
C02/HCO3-/H+ equilibrium weigh over HCO3-transport. Finally, they propose that the proton channel
Hv1 is not the major driver in alkalizing sperm during capacitation but protect sperm from being
acidified by supporting transient increase of pHi.

However, the reviewer wishes the craftmanship of the manuscript could have been better to deliver
the significance of the study better. As currently stands, this manuscript has problems to be accepted
in Nature Communication without minor experimental revision (such as more controls) but certainly
extensive text revision. It is not written reader-friendly, even to those in the field. It is necessary to
provide introduction, motivation of the study and the relevance, not only the explanation and
conclusion of each experiment as so many molecules are scrutinized. Labeling of the figures is
particularly not clear - there are even multiple mislabeling which adds confusion - making it very hard
to digest the basic information without legend. Currently, a lot of information is being saved for
discussion which this reviewer feels useful to explain the background and justification of each
experiment.

Major points

1. Motivation of the study: it will be great to state clearly the motivation of the study upfront in
Introduction and save the last paragraph to summarize the new findings. This applies to the same for
the first section of Results. How was this study conceived while there are already four existing human
sperm proteomes even including one that has a similar size as that of the current study? Please
highlight the quantitative nature of this advance mass spec analysis in sperm biology where there is
no active transcription and translation and absolute (almost) quantification is possible.

2. It is stated that the MS samples are from only three healthy donors. Yet, more information is
needed such as proven fertility, age and ethnity of the donors, especially considering a relative low
overlap value of 63%. Is this sufficient overlap/normally expected in the field?

3. It is not clear whether “negative list” are proteins that have never been detected in either one of
these three donors? Or they are excluded from the 63% overlap? It also should make it clear whether
the proteins in this negative list has ever been identified by other studies.

4. In Figure 2D-E, why are there 4 biological replicates, when only three people were recruited? How
were the biological replicates achieved?

5. If the CatSper subunits and solute carrier (the reference is missing for the latter, line 225) copy
numbers are similar in this experiment (human) and sea urchin (literature), what is known about
published data of CA2 in other species and Slo3? is this consistent with what you see here?

6. In Figure 3, what would happen if NMDG or Amiloride is added to ES+NH4CI buffer without
removing NH4CIl. If NMDG or Amiloride also inhibit the alkalization in ES+NH4CI, this observation
would more directly support the author’s conclusion that “Line 234: Alkalization is controlled by
amiloride-sensitive Na+/H+ exchange.....” than showing preventing recovery from the acid load?

7. Figure 3 has many issues. It hard to follow the logic. It seems to suggest that SLC9B1 is behind
observations from 3E (as it’s the only one sensitive to amiloride that is detected in mass spec
experiments, and 3E shows amiloride sensitivity). Then why hyperpolarization is tested, and why
subsequent experiments are looking back to sNHEs. Summary from Figure 3 experiments is that
sNHE/SLC9OC does not sustain voltage-gated Na+/H+ exchange in human sperm, but again, it is



confusing why sNHE is still a candidate when it seems to be removed as one based on data from 3E.
Line 299 - references both 31 and 3], but 3] does not show abolishment of alkalinization by amiloride,
unless 3] is incorrectly labelled

8. I think the authors should tone down the saying that “Line 282: In summary, sSNHE/SLC9C does not
sustain voltage-gated Na+/H+" exchange in human sperm.” because they might have different
activation condition from that of sea urchin sperm and the proteins were detected by mass spec. What
is the author’s speculation that SLC9C1/2 would do in human sperm then?

9. This reviewer suggests the author add another group in Figure3 I, which is ES+NMGD, if the pHi
increasing is totally blocked, that will further the author’s conclusion in “Line 304: amiloride-sensiitive
Na+/H+ exchange rather than sNHE or Hv1 alkalize human sperm during ....”

10. For this reviewer the content spanning lines 285-305 belongs to the previous subsection,
“Alkalization is controlled by amiloride-sensitive ....."”, as it is more related and supportive what's
shown previously than what’s coming next.

11. In Figure 4B-D, the author concluded the presence of HCO3- does not significantly alter
intracellular pH, based on 30mM HCO3- being added to the buffer in which pH has already been
adjusted to 7.5. What would happen if you do not change pH and HCO3- at the same time but one at
a time such as adding 30mM HCO3- to the pH06.5 buffer?

12.

Minor points

1. Lines 54 -59 requires citations.

2. line 335, when the author could not exclude HCO3- influx via SLC26A3 and SLC26A8, what brought
to the conclusion “the rapid acidification demonstrates that CO2 diffusion across membranes in more
significant than HCO3- influx”? In the quasi-closed system, the pCO2 in testis and oviduct is the same
40 mmHg while intracellular alkalinization occur during capacitation (oviduct), not in the test. Why
does CO2 diffusion does not affect low intracellular pH in the sperm maintained in the testis? Please
discuss

3. Define pHi = intracellular pH and pHo=extracellular pH early on when first mentioned in the text.
4. Due to so many proteins are involved in this manuscript, whenever some functions are related,
please give the reader some explanation about their function, for example, line 252, ENaC, sodium
channel; NHE1, sodium/proton exchanger.

13. Was the calibration done once (Figure 3B?) or is this the same for all of the replicates in 3C?
Figure 3I ¢ what is number of experiment done? N-values reported in text (Lines 297, 298) and in
figure legends for 3] are not consistent

5. Figure4 B-D, the difference in pH6.5 and pH7.7 is only 3mM HCO3- vs 30mM HCO3- but both
conditions are under 5%C02, then the author should not say “Line 313 in the presence or absence of
CO2/HCO3-. The figure legend also contains the information incorrectly.

6. Figure 4 B - it says pH is 7.5 or 7.7, figure legend says pHO 7.7, and text referring to figure (311)
says it's 7.5, so, it is confusing what the pH really is. Furthermore, unclear as to the justification of
using pH of 7.5 if the goal is to simulate oviduct environment which according to Figura 4A is pH 8.
7. In Figure 4 E, the color description of each trace line in figure legend and figure is conflict. Please
make that point clear.

8. In Figure 4E, what does the Alexa488 represent and what is it? It is not clear. What is the
justification of using pH 7.35 for experiment in 4E?

9. Experiment in figure 5I is the only one where Vm pulse is +60 mV instead of +70 mV, but no
justification on this is given.

Reviewer #2 (Remarks to the Author):

The manuscript describes a mulitdisciplinary LC-MS/MS, cellular physiology approach to define pH
regulatory mechanisms that underlie sperm capacitation in humans. The results suggest that many
studies performed in mice do not hold relevance to human sperm, and that even some functional
human studies are errant in their assumptions of what proteins are expressed in human sperm. I must



take the LC-MS/MS results at face value. The authors show evidence of roles for Hvl and an NHE, but
stop short of demonstrating their importance or, in the case of the NHE, molecular identity. These
aspects weaken the study. The statements in the abstract that “pHi is set by...SLC9B type” and
“Hv1...blunts ensuing acidification” do not appear to be adequately demonstrated in this work.
MAJOR:

[1] None of the comparative statements about the data are backed up by statistical analysis.

[2] Although the authors have robustly demonstrated that certain proteins cannot be readily detected
by LC-MS/MS in sperm, this is not the same as demonstrating their absence or their functional
irrelevance by independent means. Given the iconoclastic nature and likely controversy of these
findings, the authors really ought to allocate more discussion to how and why they think previous
reports were misleading. This may include replicating some earlier experiments.

[3a] The authors show the importance of an amiloride sensitive NHE, suggesting that it could be
SLC9B1 or B2. Yet human SLC9B2 is amiloride insensitive, while the sensitivity of human SLC9B1 is
unknown (line 257-258). Presumably then, the protein responsible is not SLC9B2. Typically, the
assignment of a cell function to a protein requires testing for demonstrated features of the isolated
protein. The authors ought to demonstrate that SLC9B1 is amiloride sensitive in a heterologous
system to remove this uncertainty. It also appears unusual that an NHE could alkalinize a cell in
response to extracellular alkalinization alone while not performing Na+-driven H+ efflux during
acidification (like NHEs of the SLC9A family do). Has this action been previously described for SLC9B1?
If not, again, I suggest the authors turn to a heterologous system to characterize this critical feature
of SLC9B1 activity.

[3b] Line 352: There is no evidence for pH recovery in Figure 4 or S4.

[4] Line 544, 560: The authors don’t seem to have demonstrated the importance of Hvl in human
sperm, just its activity. Presumably Zn2+ would enhance the rate of acidification? As this is one of the
major conclusions of the work, a demonstration that Hvl makes a difference seems to be critical.

[5] The sequence of events in capacitation in this new model, are not clear. The authors seem to be
invoking a sudden influx of CO2 to raise HCO3, from which there is no recovery save a possible
contribution from Hv1, with NHE setting a resting pH. To my understanding, an equally likely model is
one in which uterine HCO3 secretion raises extracellular pH, while generating CO2, simultaneously
activating SLC9B so that CO2 influx into the sperm, coupled with H+ efflux results in a rise in the
requisite rise in [HCO3]i.The role of Hv1l seems less tangible.

MINOR:

Line 70: Many signaling proteins [in sperm]

Line 76: CA4 is an extracellular enzyme

Line 79 and elsewhere: Authors refer to SLC4 and SLC26A proteins. Standardize as SLC4 and SLC26.
Line 84: and [with] the epithelial sodium channel

Line 96/97: the properties [and cell inventory] of signaling molecules [in] sperm

Line 165: robustness might be a more accurate description than sensitivity and reliability.

Line 247: ES medium. Suggest specific note of lack of HCO3.

Line 252, 256, 260: NHE1 (SLC9A1)

Line 259, 260: B1 and B2?

Line 247: note that the sNHE-CHO was also sea urchin NHE

Line 277: define V1/2?

Line 301: The direction of change of [Na] ought to be indicated here and in the figure. In general the
figures could be better annotated so the reader is less reliant on the legends.

Line 347: I would not describe CA2 as a signaling protein

Line 352: There was no evidence of a pH recovery

Line 361: [either] human [or] mouse sperm

Line 374: Can the authors be confident that these larger currents are also Hv1? Are they Zn blocked?
Line 412: [human] sperm

Line 470: It cannot be concluded that they do not exist.

Line 472: This statement is incorrect. Some SLC4 disruptions cause fertility phenotypes (SLC4A2-null
males are sterile), while others have not been tested (SLC4A4-null mice do not survive to breeding
age). However, these proteins are expressed elsewhere in the reproductive tract so that doesn't



undermine the authors intended point.

Reviewer #3 (Remarks to the Author):
Review:
Control of intracellular pH and bicarbonate by CO2 diffusion into human sperm

Summary: In this study, Grahn et al., utilized state-of-the art LC-MS/MS and other methodologies to
identify signaling proteins in the mammalian sperm proteome with particular focus on the regulation of
intracellular pH and the downstream molecular players involved in the key events that occur during
sperm activation. The authors recognize the sizeable gap in our overall knowledge of sperm signaling
proteins and further recognize the importance of understanding these systems in the context of the
overall proteome. The work substantially adds to a burgeoning field of “reproductive proteomics”
something near and dear to this reviewer, and will therefore be of wide interest to cell, developmental
and systems biologists. The authors rightly point out the complexity of the system and the current
state of the field and highlight the confusion and conundrums currently present. From their studies the
authors conclude the need, “... for a substantial revision of signaling concepts in human sperm...”. On
many levels this reviewer agrees wholeheartedly.

Critique:

The work provides arguably the deepest coverage of a sperm proteome (note that comparably deep
Drosophila sperm proteomes have also been recently reported- Mol Cell Proteomics 21, 100281
(2022) and Proc National Acad Sci 119, e2119899119 (2022)).

However, the work’s most important contribution lies in the tour-de-force quantitative demonstration
(by recognized world class proteomicists) of not only the presence, but also the absence of a suite of
signaling proteins involved primarily in the regulation of intracellular pH essential to sperm function.
Based on this new quantitative knowledge of the “signaling proteome” the authors then embarked on
an equally impressive study and identification of the key players in regulating the all-important
CO2/HCO3-/H+ equilibria by the use pharmacological agents and patch-clamping. These studies
culminated in a new signaling pathway model for the control of intracellular pH. (Minor point: For the
visually challenged, the ? in Figure 6 is barely visible to this reviewers eye, could change to more
contrasting color?)

Overall, the work is clearly meritorious for publication, it is well written and the complexity of the
downstream signaling pathways following bicarbonate influx and concomitant increase in intracellular
pH are clearly presented and should be accessible to a wide readership. A careful reading of the
methods section revealed no red flags.

I have only a few minor comments:

General-

1. The authors should include as Supplementary data, excel files of all proteins identified. Unless I
missed it, they provide only a statement that the data has been deposited in PRIDE, which is primarily
a data storage repository for mass spectra data and reviewers should not have to access this external
server to view protein lists.

2. Throughout the narrative, the authors often refer to “sperm”, however, as the study is focused only
on two species of mammalian sperm, this should be made clearer.

3. Line 106- The sentence beginning, “"Our present knowledge about the presence of proteins in
human sperm...” is technically incorrect and they probably meant to say, “... signaling proteins in
human sperm...” since there are now a number of deep sperm proteomes published including human



and other mammals.

4. Authors explain in Intro (line 109) that drugs studies are "notoriously unreliable..." but then
starting on line 244 they report the use a the drug, Nigericin, to study alkalization? They then
employed additional pharmacological agents to support the idea that Na/H exchange was the
predominant mechanism and further identified, by subtraction of some, and addition of others, that
"...,SLC9B1, SLC9B2, and SLC9C1/2 are the remaining candidates for Na+/H+ exchange". Although
perhaps a “picky” point, the rhetoric surrounding the use of drugs to study signaling could be perhaps
ameliorated.

5. Regarding the proteome depth of coverage, and related to the General comment above, did the
final list of all protein IDs include single-hit peptide identifications? I may have missed this, but did not
see a specific mention of this important point. Generally 2-peptides are required (as in the above
mentioned Drosophila studies) and this would impact any accurate comparisons between proteome ID
numbers.

6. The narrative is too long, perhaps a "Results and Discussion" would shorten the overall narrative.
Sections of the Discussion are quite repetitive for the most part and combining the two may help to
streamline the message and focus on the important points to greater extent.

Specific-

7. The sentence beginning line 422 is a bit ambiguous and could perhaps be written more clearly.
"Thus, SLC26A3 would be the dominant if not only HCO3- transporter in human sperm.” There may be
a word missing?

8. The extensive protein extraction protocol described was a bit of a puzzle. There was mention of the
need to perform a second centrifugation if “a small pellet was observed”. How often did this happen?
Was it random or did all the extractions need a second centrifugation step? And why not adjust
dilution conditions to eliminate this “problem”? This approach is open to criticism if this sample
preparation protocol and the resulting insoluble pellet was somehow indicative of a “failed extraction”
due to variation in methods/personnel/conditions in which the extractions were performed.

9. Figure 1 legend, no mention of NCKX Na+/Ca2+ transporter?
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Reviewer #1
Major points

“However, the reviewer wishes the craftmanship of the manuscript could have been better to deliver
the significance of the study better. As currently stands, this manuscript has problems to be accepted
in Nature Communication without minor experimental revision (such as more controls) but certainly
extensive text revision. It is not written reader-friendly, even to those in the field. It is necessary to
provide introduction, motivation of the study and the relevance, not only the explanation and
conclusion of each experiment as so many molecules are scrutinized.”

Reading the manuscript indeed requires utmost attention and, in this sense, may not be “reader-
friendly”. We believe this is caused by the complexity of the subject and our intention to openly lay
out the controversies of this research field rather than by simply poor writing. In fact, reviewer #3
states that the manuscript is well written and adequately addresses the complexity of the field.
However, reviewer #3 also noted that the “narrative is too long” and suggests combining Results &
Discussion sections. We have accordingly reorganized the manuscript along these lines and layout the
rational of each experiment. We hope that this rearrangement renders the manuscript more reader-
friendly and addresses also this reviewer’s concerns.

“Labeling of the figures is particularly not clear — there are even multiple mislabeling which adds
confusion - making it very hard to digest the basic information without legend.”

We added more information to the figures themselves to facilitate reading without the need resorting
to the legend and rectified mislabeling.

“Currently, a lot of information is being saved for discussion which this reviewer feels useful to explain
the background and justification of each experiment.”

We followed the suggestion of Reviewer #3 combining Results & Discussion sections and hope that the
new arrangement will improve this difficulty and also address the related concerns of reviewer #1.

“Motivation of the study: it will be great to state clearly the motivation of the study upfront in
Introduction and save the last paragraph to summarize the new findings. This applies to the same for
the first section of Results.”

We have changed the introduction accordingly to the reviewer’s suggestion (lines 123-134).

“It is stated that the MS samples are from only three healthy donors. Yet, more information is needed
such as proven fertility, age and ethnicity of the donors, especially considering a relative low overlap
value of 63%. Is this sufficient overlap/normally expected in the field?*

We have added the age and ethnicity of the donors. Although the fertility is not known in terms of
children, no infertility is known for any of the donors. (lines 1076-1079)

We have changed the text accordingly. It now reads: “In three sperm samples, we detected
approximately 5,000 proteins on average, similar to the (Wang et al., 2013) proteome but
approximately 4-5-fold more proteins than in the other studies (Supplementary Table S1). A similar
deep proteome has been recently reported for Drosophila sperm (Garlovsky et al, 2022; McCullough
et al, 2022). Of all identified proteins in our study, 63% were detected in all three sperm samples
(Figure 2A). Wang et al. (2013) reported an overlap of 82% of proteins identified in their analysis; of
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note, each of their replicates consists of sperm samples mixed from several donors, whereas we have
analyzed proteomes from single donors.” (lines 144-151)

“It is not clear whether “negative list” are proteins that have never been detected in either one of these
three donors? Or they are excluded from the 63% overlap? It also should make it clear whether the
proteins in this negative list have ever been identified by other studies.”

The negative list includes proteins that never have been detected in any samples from our donors. In
previous studies, the presence of these proteins has been inferred from immunoblots and from
pharmacological or physiological experiments — otherwise they wouldn’t be listed in the negative list.
The most comprehensive proteome comparable to our proteome is that by Wang et al. 2013. With a
single exception, the proteins in our negative list were also not detected by Wang et al. Although this
information was already provided in Table 3 of the original submission, we highlight it now in the text.
(lines 186-196)

“In Figure 2D-E, why are there 4 biological replicates, when only three people were recruited? How
were the biological replicates achieved?”

This work encompasses many MS experiments beyond the single proteome. For example, the LOD
measurements and copy number experiments required many more sperm samples and donors. Thus,
the data were obtained from more than three donors and different samples from one and the same
donor.

“If the CatSper subunits and solute carrier (the reference is missing for the latter, line 225) copy numbers
are similar in this experiment (human) and sea urchin (literature), what is known about published data
of CA4 in other species and Slo3? is this consistent with what you see here?”

The reference for SLCIC1 is Trotschel et al. 2020. It was mentioned one line up (223) in the original
manuscript. We insert the reference now two times. To our knowledge, copy numbers in sperm have
been only determined here (human) and by Trotschel et al. 2020 (sea urchin). We are also not aware
of techniques other than MS that were used to estimate copy numbers reliably. So we cannot compare
our quantitative results with those of other studies. We have not addressed CA density in sea urchin
in Trotschel et al. (2020), simply because pCO; and, thereby, HCOs™ concentrations are low in marine
habitats and HCOs isn’t directly involved in the specific chemotaxis signaling pathway of marine
invertebrates. Thus, a comparison with sea urchin sperm does not lead to more insight, would be even
misleading here. However, CA2 and Slo3 have been reported to exist in other species, e.g. mouse.
Indeed, Wandernoth et al. (2010) show that CO, superfusion and the external, membrane-associated
CAIV in human and mice are important for cAMP synthesis and subsequent enhancement of the
flagellar beat. We discuss now their results that fully support our conclusion that CO, diffusion into
sperm is an important source of HCOs". (lines 597-599)

“In Figure 3, what would happen if NMDG or Amiloride is added to ES+NH4CI buffer without removing
NH4CI. If NMDG or Amiloride also inhibit the alkalization in ES+NH4CI, this observation would more
directly support the author’s conclusion that “Line 234: Alkalization is controlled by amiloride-sensitive
Na+/H+ exchange.....” than showing preventing recovery from the acid load?”

We thank the reviewer for this comment, because it points out potential sources for confusion. In our
opinion, such an experiment wouldn’t make much sense. A Na*/H* exchanger usually works to export
H* (because of the inward Na* gradient) after acidification. The acid-load experiment has been used
for > 30 years to probe Na*/H* exchange activity in many cells. It is robust, reliable, and the underlying
rationale is logical. Moreover, NH4Cl alkalizes sperm by a different, potent mechanisms that cannot be

2
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prevented by a Na*/H" exchange blocker. NH; diffuses — like CO, — readily across membranes and the
NHs + H* = NH4* equilibrium is re-established inside the cell.

However, we noticed that we use the word ‘alkalization’ for two different processes, which may cause
confusion: alkalization starting from the resting state, and recovery from acidification, i.e., removal of
H* from the cell; although the pH;increases, it does not represent an alkalization in a pure sense. The
cytosol just becomes less acidic. Accordingly, we have changed the subheading into “Recovery from
acidification is controlled.....” (line 350)

“Figure 3 has many issues. It hard to follow the logic. It seems to suggest that SLC9B1 is behind
observations from 3E (as it’s the only one sensitive to amiloride that is detected in mass spec
experiments, and 3E shows amiloride sensitivity). Then why hyperpolarization is tested, and why
subsequent experiments are looking back to sNHEs. Summary from Figure 3 experiments is that
SNHE/SLCIC does not sustain voltage-gated Na+/H+ exchange in human sperm, but again, it is
confusing why sNHE is still a candidate when it seems to be removed as one based on data from 3E.
Line 299 — references both 31 and 3J, but 3J does not show abolishment of alkalinization by amiloride,
unless 3/ is incorrectly labelled.”

As mentioned here and in other papers (e.g.; Kaupp & Striinker 2017) homologous molecules in
different sperm species feature different physiological and pharmacological properties that serve
different functions. The sNHE/SLCI9C1 in sea urchin indeed is not amiloride-sensitive. However, the
human sNHE might be amiloride-sensitive considering that we also detected SLC9C2 and these
proteins may form hetero-dimers that are amiloride-sensitive. Thus, data shown in Fig. 3E do not
exclude sNHE as Na*/H* exchanger per se. In fact, what we show is that the sNHE does not mediate
voltage-gated and cAMP-modulated Na*/H* exchange like the sea urchin homologue. This conclusion
is also supported by sequence analysis: the transport domain, the S4 voltage-sensor motif, and the
CNBD are lacking important functional residues (see Windler et al. 2018). Therefore, the
human/mammalian SLC9C1 may not even serve as a voltage-gated Na*/H* exchanger. We now
emphasize that we cannot exclude that SLC9C1 might serve as an exchanger, which however - unlike
its sea urchin homologue — is not gated by voltage and cAMP and may have acquired amiloride
sensitivity either on its own or by forming heterodimers with SLC9C2. (lines 410-414)

The sentence line 299 is correct and labeling of Fig. 3I, J is also correct. To prevent any
misunderstanding, we refer now to the figures separately for Zn?* and amiloride: Fig. 31, J for Zn** and
only Fig. 31 for amiloride . (lines 453-454)

“I think the authors should tone down the saying that “Line 282: In summary, sSNHE/SLCI9C does not
sustain voltage-gated Na+/H+” exchange in human sperm.” because they might have different
activation condition from that of sea urchin sperm and the proteins were detected by mass spec. What
is the author’s speculation that SLC9C1/2 would do in human sperm then?”

This comment is related to the previous comment. The sentence itself is correct but the reviewer
argues that it is incomplete and requires some amendment or clarification. We agree. Due to the fact
that properties of sperm proteins differ markedly among species, we cannot discard the possibility the
sNHE may be able to exchange Na* for H*. Accordingly, we suggest now that sSNHE may have lost its
voltage/cAMP-dependence and in combination with SLC9C2 may indeed promote Na*/H* exchange.
See also our answer to the previous question. We and others have tried to heterologously express the
mammalian SLC9C1 — without success. The same holds for SLC9B1. Once the transport mode and
substrate specificity of these SLCs are rigorously established, the contribution of each molecule to
Na*/H* exchange can be judged.
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“This reviewer suggests the author add another group in Figure3 I, which is ES+NMGD, if the pHi
increasing is totally blocked, that will further the author’s conclusion in “Line 304: amiloride-sensitive
Na+/H+ exchange rather than sNHE or Hv1 alkalize human sperm during ....”

As mentioned in the previous two answers, there is uncertainty about pharmacology and transported
substrate of the sNHE transporter. We also show in Figure 3E that exchange with NMDG is abolished.

“For this reviewer the content spanning lines 285-305 belongs to the previous subsection, “Alkalization
is controlled by amiloride-sensitive .....”, as it is more related and supportive what’s shown previously
than what’s coming next.”

As suggested, we moved the paragraph to the previous subsection.

“In Figure 4B-D, the author concluded the presence of HCO3- does not significantly alter intracellular
pH, based on 30mM HCO3- being added to the buffer in which pH has already been adjusted to 7.5.
What would happen if you do not change pH and HCO3- at the same time but one at a time such as
adding 30mM HCO3- to the pH06.5 buffer?”

We do not conclude that the presence of HCOs does not significantly alter pH.. In fact, we state that
the change in pH;i upon a switch from pH 6.5 to 7.7 is similar with and without HCOs".

Minor Points

“Lines 54 -59 requires citations.”

We inserted several citations for reviews. (lines 59-60)

“line 335, when the author could not exclude HCO3- influx via SLC26A3 and SLC26A8, what brought to
the conclusion “the rapid acidification demonstrates that CO2 diffusion across membranes in more
significant than HCO3- influx”? In the quasi-closed system, the pCO2 in testis and oviduct is the same
40 mmHg while intracellular alkalinization occur during capacitation (oviduct), not in the test. Why
does CO2 diffusion does not affect low intracellular pH in the sperm maintained in the testis? Please
discuss”

HCOs  influx via SLCs causes alkalization, whereas CO; influx causes acidification. In the end the net
change in pH;, be it acidification or alkalization, depends on the relative contributions of the two
mechanisms. Because addition of CO,/HCO3 causes acidification, CO; influx must prevail over HCO3’
influx in mature sperm. In the epididymis, an acidic luminal milieu is maintained by several
mechanisms. Principal and clear cells promote reabsorption of HCOs; and proton-secretion
respectively. Therefore, the bicarbonate concentration is low.

“Define pHi = intracellular pH and pHo=extracellular pH early on when first mentioned in the text.”

We have followed the reviewer’s advice. (line 69)

“Due to so many proteins are involved in this manuscript, whenever some functions are related, please
give the reader some explanation about their function, for example, line 252, ENaC, sodium channel;
NHE1, sodium/proton exchanger.”

There is a fine line or balance between repetitive words (redundancy) and readability. We scrutinized
the text and tried to navigate this balance in the new version.
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“Was the calibration done once (Figure 3B?) or is this the same for all of the replicates in 3C? Figure 3/
O what is number of experiment done? N-values reported in text (Lines 297, 298) and in figure legends
for 3J are not consistent”

The calibration was done for every single cell; a representative example is shown in Fig. 3B. Fig. 3C
shows the summarized calibrations for 16 cells of 6 experiments. We corrected the N-values.

“Figure4 B-D, the difference in pH6.5 and pH7.7 is only 3mM HCO3- vs 30mM HCO3- but both conditions
are under 5%C02, then the author should not say “Line 313 in the presence or absence of CO2/HCO3-.
The figure legend also contains the information incorrectly.”

The legend was corrected.

“Figure 4 B - it says pH is 7.5 or 7.7, figure legend says pHo 7.7, and text referring to figure (311) says
it’s 7.5, so, it is confusing what the pH really is. Furthermore, unclear as to the justification of using pH
of 7.5 if the goal is to simulate oviduct environment which according to Figure 4A is pH 8.

In Fig. 4B, the black line shows the pH; change upon switching from pH, 6.5 to pH, 7.7 (no CO,/HCOs3,
same recording as in Fig. 21). The blue line shows the pH; change upon switching from 6.5 (5%/3 mM
HCOx3') to 7.5 (5% CO,/30 mM HCO5). To avoid this confusion, we introduced now two bars in Fig.4B,
one with a change of pH alone (black) and one with HCOs™ present (blue). The legend was changed
accordingly.

According to the literature, the pH measured in the mammalian oviduct environment varies
substantially between 7.1 and 8.2 (Vishvakarma 1962, rabbit), 7.28-7.7 (David et al. 1973, human), 7.1-
7.8 (Maas et al. 1977 Rhesus Monkey). A summary can be found in Ng et al. 1918. To reflect this broad
range, we changed the pH value in the cartoon for the oviduct environment (Figure 4A, right) to
pH>7.4.

“In Figure 4 E, the color description of each trace line in figure legend and figure is conflict. Please make
that point clear.”

The legend was corrected.

“In Figure 4E, what does the Alexa488 represent and what is it? It is not clear. What is the justification
of using pH 7.35 for experiment in 4E?”

Alexad88 is an inert fluorescent dye that was used to resolve the mixing time. It is described in the Fig.
4E legend of the manuscript. pH 7.35 was chosen to use one and the same pH for both sperm and the
two cell lines.

“Experiment in figure 51 is the only one where Vm pulse is +60 mV instead of +70 mV, but no justification
on this is given.”

We experienced that more positive and prolonged voltage steps, e.g. to +70 mV and above, often
broke the recording of the CHO-Hv1 cell line. However, the CHO-Hv1 cell line strongly overexpresses
hHv1; thus a smaller voltage step to +60 mV was chosen and sufficient to get a sizable proton current
and subsequent intracellular acidification.
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Reviewer #2

“The results suggest that many studies performed in mice do not hold relevance to human sperm,...”

The manuscript doesn’t state this. However, we emphasize that signaling in mice vs. human sperm is
different and we caution against rash interpretation of experiments on mouse sperm with respect to
human sperm.

“that even some functional human studies are errant in their assumptions of what proteins are
expressed in human sperm. | must take the LC-MS/MS results at face value. The authors show evidence
of roles for Hv1 and an NHE, but stop short of demonstrating their importance or, in the case of the
NHE, molecular identity. These aspects weaken the study. The statements in the abstract that “pHi is
set by..SLC9B type” and “Hvli..blunts ensuing acidification” do not appear to be adequately
demonstrated in this work.”

This study amply shows how H,1 responds to changes in pHinot only in sperm but also cell lines, in
particular acidification by state-of-the-art patch-clamp fluorimetry that — to our knowledge — has not
yet been used before to measure changes in pH; or [Ca"]. Thereby, we could show that sNHE does not
— as this research field expected — mediate voltage gated and cAMP-sensitive Na*/H* exchange. We
have rephrased the statements in the Abstract and laid out the arguments in the discussion paragraphs
the pros and cons with respect to sSNHE and SLC9B1 vs. SLC9B2.

“None of the comparative statements about the data are backed up by statistical analysis. “

We thank the reviewer for pointing this out. Accordingly, we provide this analysis now.

“Although the authors have robustly demonstrated that certain proteins cannot be readily detected by
LC-MS/MS in sperm, this is not the same as demonstrating their absence or their functional irrelevance
by independent means. Given the iconoclastic nature and likely controversy of these findings, the
authors really ought to allocate more discussion to how and why they think previous reports were
misleading. This may include replicating some earlier experiments.”

We understand that the reviewer used the word “iconoclastic” in a figurative sense to indicate how
consequential, disturbing, and difficult to digest our findings are. Indeed, this work seriously questions
several decades of fertilization research. The mantra, not only in sperm research, has been that “if you
can’t identify a molecule (protein), it doesn’t mean it doesn’t exist or is irrelevant.” We do away with
the arbitrariness of this argument by rigorously quantitative MS (LOD) approach that seriously
constrains alternative explanations or eliminates places where one can hide. We discuss why such low
copy numbers (< 10), owing to the generally low turnover number of SLCs, are unable to significantly
change cytosol concentrations, in particular for [HCOs7] or [CI]. We also specifically discuss now how
this quantification constrains hypotheses about the relative contributions of proteins that serve similar
or identical function (e.g., SLC isoforms that transport HCOs’, form hetero-dimers, form oligomers with
ion channels, or the contribution of ion channels to V., or membrane currents).

There are virtually several hundreds of papers that study sperm molecules from our “negative list”. It
certainly is beyond the scope of this manuscript to discuss the potential fallacies of previous research,
leaving alone repeating it. Most of the conclusions were previously derived using pharmacological and
immunological tools. However, one of our crucial findings is that external HCO;5™ acidifies rather than
alkalizes sperm. We discuss possible explanations why previously, in some reports, an alkalization was
measured.
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“The authors show the importance of an amiloride sensitive NHE, suggesting that it could be SLC9B1 or
B2. Yet human SLC9B2 is amiloride insensitive, while the sensitivity of human SLC9B1 is unknown (line
257-258). Presumably then, the protein responsible is not SLC9B2. Typically, the assignment of a cell
function to a protein requires testing for demonstrated features of the isolated protein. The authors
ought to demonstrate that SLC9B1 is amiloride sensitive in a heterologous system to remove this
uncertainty. It also appears unusual that an NHE could alkalinize a cell in response to extracellular
alkalinization alone while not performing Na+-driven H+ efflux during acidification (like NHEs of the
SLC9A family do). Has this action been previously described for SLC9B1? If not, again, | suggest the
authors turn to a heterologous system to characterize this critical feature of SLC9B1 activity.”

We agree with the reviewer that SLCB1 and B2 are less characterized than other members of the SLC9
family (see the recent review by Anderegg et al. 2022). However, the work by Balbach et al. 2020 in
mouse sperm strongly argues that SLC9B1 serves as a Na*/H* exchanger and in SLC9B17* sperm, most
of the zona pellucida-evoked pHi changes are abolished. The residual exchange activity might be due
to SLC9B2. Similar results were obtained by Chen et al. 2016. Because SLC9B2 is not amiloride-sensitive
and serves in subcellular organelles, we think it is unlikely that it mediates Na*/H* exchange under our
conditions. We have also tried to functionally express SLC9B1 in oocyte — without success.

“Line 352: There is no evidence for pH recovery in Figure 4 or S4.”

We are not sure to understand correctly what the reviewer refers to in line 352 and Figure 4.
Furthermore, pH recovery is reported in more detail in Figure 5.

“Line 544, 560: The authors don’t seem to have demonstrated the importance of Hv1 in human sperm,
just its activity. Presumably Zn2+ would enhance the rate of acidification? As this is one of the major
conclusions of the work, a demonstration that Hvl makes a difference seems to be critical.”

We have clearly shown or argued that (/) owing to its peculiar activation mechanism, H,1 cannot
produce a large alkalization on its own during capacitation. (i/) CO,/HCO; stimulates H,1 activity not
by some mysterious effect of capacitation but by an increase of ApH across the membrane and
therefore, shifts P, of Hv1 by a well-documented mechanism and, thereby, activates the channel; (iii)
H.1 cannot maintain a long-lasting effect on pH;. Once H,1 closes, adjustment of pH by the CO,/HCO5
/H* equilibrium kicks in within seconds.

“The sequence of events in capacitation in this new model, are not clear. The authors seem to be
invoking a sudden influx of CO2 to raise HCO3, from which there is no recovery save a possible
contribution from Hv1, with NHE setting a resting pH. To my understanding, an equally likely model is
one in which uterine HCO3 secretion raises extracellular pH, while generating CO2, simultaneously
activating SLCI9B so that CO2 influx into the sperm, coupled with H+ efflux results in a rise in the requisite
rise in [HCO3]i. The role of Hv1 seems less tangible.”

We like the reviewer’s comment very much. It's food for thought to describe the events even clearer.
Our model isn’t much different from his/her alternative suggestion. The reviewer looks at different
parts of the equilibrium: his/her model is mainly concerned with mechanisms that change the
extracellular medium and, consequently, intracellular milieu as well, whereas our model just assumes
that the oviductal pH is much more alkaline and the HCOs™ concentration is high. We state in the
introduction that the CO,/HCOs/H* equilibrium applies for both the extra- and intracellular
compartments. The two equilibria are connected via CO; diffusion and HCO3s and H* transport across
the membrane not only of sperm but also the surrounding epithelial cells. We agree with all other
reports that a rise of intracellular HCOs™ is important. However, we disagree that intracellular
alkalization reflects HCOs influx. Instead, we propose that continuous CO; influx substantially
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contributes to intracellular HCO5™ synthesis. The ensuing acidification — that’s our hypothesis — is
ameliorated by H* efflux via Hv1, and, thereby, HCOs™ synthesis is sustained for some time. Otherwise,
owing to the acidification and its action on the CO,/HCO5/H" equilibrium, synthesis would cease. In
our experiments, we impose a sudden CO, influx by relatively rapid CO,/HCOs" perfusion to study these
mechanisms of HCOs;/pH; regulation in sperm; in a more physiological setting of the oviduct, sperm
are probably exposed to slower changes in extracellular HCOs and pH (which we address
experimentally in Figure 4). Finally, from first physico-chemical principles, a lower pH; is also sensed by
most NHE exchanger that use the alternate access mechanism (except for the sea urchin variety of
sNHEs that require gating by voltage/cAMP) and, therefore, Na*/H* exchange may also contribute to
H* extrusion. Because, judging from iBAQ values, Hvl is one of the most abundant proteins and
because channels usually support a much higher flux rate than SLCs, it is plausible that Hvl dominates
H* efflux required to ameliorate the acidification produced by HCOs™ synthesis from CO,. An important
unknown is the SNHE(SLC9C1/2). We clearly state that the substrate specificity of SNHE is in limbo as
well as its function and mode of operation. However, in the reviewer’s spirit that Hvl seems less
tangible we mention in the text that future work needs to address why human sperm need both Na*/H*
exchange and Hv1 for proton extrusion, whereas mouse sperm is left with only Na*/H* exchange. (lines
626-628)

Minor Points

“Line 70: Many signaling proteins [in sperm]”

As part of the major revision of the manuscript, we changed the sentence to “Many proteins and
mechanisms have been implied in the execution and coordination of these three signaling events
(Figure 1) (Nishigaki et al., 2014; Puga Molina et al., 2018a)”. From the context, it is now clear that the
sentence refers to sperm signaling events (Fig. 1). (line77-78)

“Line 76: CA4 is an extracellular enzyme”

Yes, but is it necessary to highlight this here? For the protocol, CA4 is tethered to the extracellular side
of the membrane. Any change of its activity will also affect CO; diffusion or HCO5 transport across the
membrane. The pertinent refs. are given.

“Line 79 and elsewhere: Authors refer to SLC4 and SLC26A proteins. Standardize as SLC4 and SLC26.”

We now refer to family SLC4 and SLC26 in order to stay consistent.

“Line 84: and [with] the epithelial sodium channel”
Changed

“Line 96/97: the properties [and cell inventory] of signaling molecules [in] sperm”

Changed

“Line 165: robustness might be a more accurate description than sensitivity and reliability.”

All three terms convey slightly different yet overlapping aspects. We thank the reviewer for this
suggestion and use now all three words. (Line 177-178)
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“Line 247: ES medium. Suggest specific note of lack of HCO3.”

Has been amended. (line 360)

“Line 252, 256, 260: NHE1 (SLC9A1”)
We removed SLC9A, because its not present in sperm.
“Line 259, 260: B1 and B2?”

Text has been removed in the new version.

“Line 247: note that the sNHE-CHO was also sea urchin NHE”

Line is wrong. It is line 274. We amended the text. (lines 389-390)

“Line 277: define V1/2?”

We define now V. (line 393)

“Line 301: The direction of change of [Na] ought to be indicated here and in the figure. In general, the
figures could be better annotated so the reader is less reliant on the legends.”

We, in fact, mean ApH or A[Na]i. We indicate the flux direction when necessary. We followed the
suggestion of the reviewer and scrutinized all our figures in this respect.

“Line 347: | would not describe CA2 as a signaling protein”

We removed the word “signaling” and phrased it differently. (line 503)

“Line 352: There was no evidence of a pH recovery”

We are not sure which sentence the reviewer is referring to. In line 352, there is no mentioning of pH
recovery. Figure 5 shows data on pH recovery.

“Line 361: [either] human [or] mouse sperm”

Changed

“Line 374: Can the authors be confident that these larger currents are also Hv1? Are they Zn blocked?”

We did not test the Zn* sensitivity of those currents in the presence of HCO3". However, we are fairly
confident that the larger currents are also mediated by Hv1. 1) because pH; is reduced in CO,/HCOs’,
thereis anincreased driving force for protons; thus, larger proton currents via Hv1 for the same voltage
step are expected. 2) The larger current displays the “drooping” (apparent inactivation, but due to
shifting the proton gradient during channel opening [proton depletion and accumulation at intra- end
extracellular side of the membrane, respectively]), which is typical for large Hvl-mediated currents
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(see e.g. De-la-Rosa et al. J Gen Physiol 2016). 3) There is no other proton-conducting, depolarization-
activated channel expressed in human sperm.

“Line 412: [human] sperm”

We added the word ,,human®. (line 630)

“Line 470: It cannot be concluded that they do not exist.”

This part has been completely rewritten (lines 283-310)

“Line 472: This statement is incorrect. Some SLC4 disruptions cause fertility phenotypes (SLC4A2-null
males are sterile), while others have not been tested (SLC4A4-null mice do not survive to breeding age).
However, these proteins are expressed elsewhere in the reproductive tract so that doesn’t undermine
the authors intended point.”

We phrased this part more specifically. (lines 325-330)

Reviewer #3

“The work provides arguably the deepest coverage of a sperm proteome (note that comparably deep
Drosophila sperm proteomes have also been recently reported- Mol Cell Proteomics 21, 100281 (2022)
and Proc National Acad Sci 119, e2119899119 (2022)).”

We added these references. (lines 147-148)

“However, the work’s most important contribution lies in the tour-de-force quantitative demonstration
(by recognized world class proteomicists) of not only the presence, but also the absence of a suite of
signaling proteins involved primarily in the regulation of intracellular pH essential to sperm function.
Based on this new quantitative knowledge of the “signaling proteome” the authors then embarked on
an equally impressive study and identification of the key players in regulating the all-important
CO2/HCO3-/H+ equilibria by the use pharmacological agents and patch-clamping. These studies
culminated in a new signaling pathway model for the control of intracellular pH. (Minor point: For the
visually challenged, the ? in Figure 6 is barely visible to this reviewers eye, could change to more
contrasting color?)”

We scrutinized all our figures for visibility and enhanced contrast accordingly.

“The authors should include as Supplementary data, excel files of all proteins identified. Unless | missed
it, they provide only a statement that the data has been deposited in PRIDE, which is primarily a data
storage repository for mass spectra data and reviewers should not have to access this external server
to view protein lists.”
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We have deposited all original data for MS in a data base and have provided this information to the
editorial office of Nature Communications.

“Throughout the narrative, the authors often refer to “sperm”, however, as the study is focused only
on two species of mammalian sperm, this should be made clearer.”

We followed the advice of this reviewer and accordingly highlighted the sperm species when it seemed
necessary.

“Line 106- The sentence beginning, “Our present knowledge about the presence of proteins in human
sperm...” is technically incorrect and they probably meant to say, “.. signaling proteins in human
sperm...” since there are now a number of deep sperm proteomes published including human and other
mammals.”

We modified this sentence accordingly. (lines 116-118)

“Authors explain in Intro (line 109) that drugs studies are “notoriously unreliable...” but then starting
on line 244 they report the use of the drug, Nigericin, to study alkalization? They then employed
additional pharmacological agents to support the idea that Na/H exchange was the predominant
mechanism and further identified, by subtraction of some, and addition of others, that “..,.SLC9B1,
SLCIB2, and SLCIC1/2 are the remaining candidates for Na+/H+ exchange”. Although perhaps a “picky”
point, the rhetoric surrounding the use of drugs to study signaling could be perhaps ameliorated.”

We thank the reviewer for this comment. The point is anything but “picky”; it addresses an important
issue faced by the entire research field: how specific are drugs and at what concentrations? In our
opinion, some of the issues that this manuscript addresses are probably caused by the use of drugs
along with shaky statistics. In fact, this manuscript reminds the reader of how unreliable pharmacology
can be. How can a drug produce a significant effect when the “specific” target is absent? While we are
on this subject, quantitative MS targeting the lowest copy number (LOD value) might become a great
method to reveal unspecific effects of drugs. Notwithstanding, we tone down this issue to more
palatable phrasing. Finally, we employed drugs to show that, unlike previous reports, we often didn’t
see a significant effect. Thus, our pharmacology agrees with the MS results. (lines 118-122)

“Regarding the proteome depth of coverage, and related to the General comment above, did the final
list of all protein IDs include single-hit peptide identifications? | may have missed this, but did not see a
specific mention of this important point. Generally, 2-peptides are required (as in the above mentioned
Drosophila studies) and this would impact any accurate comparisons between proteome ID numbers.”

To answer the reviewer’s question, we have also performed a database search with settings described
in the Methods section but with two peptides required for protein identification. Of note, for this the
MaxQuant version 2.1.4.0 was used and identified 6,097 unique proteins from all three replicates.
6,430 unique proteins have been identified in our previous search from all the replicates and allowing
for one peptide (Supplementary Table S2). The overlap between our three replicates is 64% when two
peptides are considered for the identification of one protein. Thus, there is no difference in the
percentage of overlap of proteins in the three replicates when one or two peptides are allowed for
search. Importantly, all proteins mentioned in the manuscript are also identified in the search with two
peptides required for identification.
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Because of these small differences we would like to keep the database search and the presentation of
the results as they are. Since the MS data are submitted to a public repository, everyone can perform
a search with settings according to his/her needs.

“The narrative is too long, perhaps a "Results and Discussion" would shorten the overall narrative.
Sections of the Discussion are quite repetitive for the most part and combining the two may help to
streamline the message and focus on the important points to greater extent.”

The reviewer’s suggestion is quite sensible. Indeed, the manuscript is hard to digest. The narrative is
so long, because the issue is so complex and our conclusions are iconoclastic, as a reviewer dryly noted.
Therefore, we intended to describe issues as comprehensive and precise as possible, which apparently
compromised the clarity of the text. We have accordingly entirely re-organized the manuscript along
these lines: summarize briefly the aim of the study and the results at the end of the introduction,
combine Results & Discussions and finish with a terse conclusion.

“The sentence beginning line 422 is a bit ambiguous and could perhaps be written more clearly. "Thus,
SLC26A3 would be the dominant if not only HCO3- transporter in human sperm.” There may be a word
missing?”

We agree and changed the text around this sentence accordingly (lines 302-310).

“The extensive protein extraction protocol described was a bit of a puzzle. There was mention of the
need to perform a second centrifugation if “a small pellet was observed”. How often did this happen?
Was it random or did all the extractions need a second centrifugation step? And why not adjust dilution
conditions to eliminate this “problem”? This approach is open to criticism if this sample preparation
protocol and the resulting insoluble pellet was somehow indicative of a “failed extraction” due to
variation in methods/personnel/conditions in which the extractions were performed.”

We have corrected this. We have changed the Materials and Method section. It now reads: “To control
for complete solubilization and protein recovery, human sperm cells were denatured as described
above and then in an additional step centrifuged at 30,000xg (26,000 rpm, S100-AT4 rotor, UZ MX150,
Thermo Sorvall) to separate insoluble material. The residual small pellet was again dissolved in 8 %
(w/v) SDS, digested, and analyzed by LC-MS. Furthermore, to control for lost peptides during enzymatic
digestion, SP3 beads were - after the above- described elution steps of peptides — incubated with 50
% (v/v) ACN and 0.1 % (v/v) FA for 15 min at 37 °C. The solution containing eventually residual extracted
peptides was dried in a SpeedVac concentrator and then analyzed by LC-MS as above.”(lines 1137-
1144)

Figure 1 legend, no mention of NCKX Na+/Ca2+ transporter?
We define now NCKX as Na*/K*-Ca?* transporter.
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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

The revised manuscript of “Control of intracellular pH and bicarbonate by CO2 diffusion into human
sperm” is edited/modified as this reviewer suggested accordingly. Indeed, the text is more reader-
friendly and the logic is easier to follow by combining the Results with Discussion. The major points
and minor points are addressed by the authors very clearly.

Several minor points.

1. Different what is stated from the author’s rebuttal, the age of sperm donors is not given in the
revised manuscript (lines 1076-1079) but only ethnicity as it states “healthy adult Caucasian males”.
It might be prudent to use a specific applicable definition (e.g., 18-55 old).

2. In Fig. 6, as the Ca2+ influx mediated by CatSper channel is not primarily from PMCA4 exported
Ca2+, it would be better to remove the arrow in the extracellular side between PMCA4 and CatSper.
For the CatSper channel, EFCAB9 and CATSPERZ form a subcomplex together, it will be more accurate
to add zeta together if EFCAB9 to be included in the cartoon. Or the authors could just remove
EFCAB9, the left channel could simply represent the complete, functional CatSper channel.

3. Line 1145: Please correct HEK292 to HEK293

Reviewer #2 (Remarks to the Author):

I am satisfied with the authors' responses to my comments and the actions taken to adjust the
manuscript. I have a few remaining questions, all related to the newly included statistical analyses:

[1] How did the authors determine that the Kolmogorov-Smirnov test is most appropriate for their
statistical analyses rather than the more usual t-test and ANOVA (for multiple comparisons)? This
seems like an unusual choice without clarification. It is my understanding that K-S is more appropriate
than a t-test in the case of non-normally distributed data. Did the authors determine that their data
were not normally distributed? An explanation in the methods would be valuable to the reader.

[2] Figure 4G. For the amiloride sensitivity of the pHi homeostasis P=0.02. It would be expected for
the multiple comparisons in 4G that ANOVA be applied or that the P value threshold for t-test/K-S test
be adjusted for multiple comparisons, in which case P would need to be <0.01 to be significant. The
significance of amiloride sensitivity is of key importance to identifying the SLC9 responsible.

[3] Can the authors define and explain the relationship between nexp and ncells. Does nexp represent
different days or different dishes of cells etc.? A more rigorous statistical analysis could include batch
dependence as a nested factor: this may help with the analysis of inhibitor effect.

[4] Some statements are still lacking statistical backing, which the authors could easily calculate. For
example line 494-496 appears to be based on comparison averages rather than a demonstration of
significant difference among cell types in 4H data.

[5] In any case, a two-way ANOVA or equivalent would be more appropriate for Fig 4C, 4H, and 5H
data.

Reviewer #3 (Remarks to the Author):

Overall the authors have adequately responded to all comments except one- a final list of all proteins



identified by mass spec should be included in a Supplemental table (preferably excel) that contains
details of the protein accession and the relevant quantitative information.



Reviewer #1 (Remarks to the Author):

The revised manuscript of “Control of intracellular pH and bicarbonate by CO; diffusion into human
sperm” is edited/modified as this reviewer suggested accordingly. Indeed, the text is more reader-
friendly and the logic is easier to follow by combining the Results with Discussion. The major points
and minor points are addressed by the authors very clearly.

Several minor points.

1. Different what is stated from the author’s rebuttal, the age of sperm donors is not given in the
revised manuscript (lines 1076-1079) but only ethnicity as it states “healthy adult Caucasian males”.
It might be prudent to use a specific applicable definition (e.g., 18-55 old).

We provide now the age range of the donors (21-56 y).

2. In Fig. 6, as the Ca2+ influx mediated by CatSper channel is not primarily from PMCA4 exported
Ca2+, it would be better to remove the arrow in the extracellular side between PMCA4 and CatSper.
For the CatSper channel, EFCAB9 and CATSPERZ form a subcomplex together, it will be more accurate
to add zeta together if EFCAB9 to be included in the cartoon. Or the authors could just remove
EFCAB9, the left channel could simply represent the complete, functional CatSper channel.

We changed the cartoon following the reviewer’s suggestions: we removed the arrow between
PMCA4 and CatSper and the icon for AFCABO.

3. Line 1145: Please correct HEK292 to HEK293
Corrected.
Reviewer #2 (Remarks to the Author):

| am satisfied with the authors' responses to my comments and the actions taken to adjust the
manuscript. | have a few remaining questions, all related to the newly included statistical analyses:

We particularly thank this reviewer for the valuable comments and follow most of his/her
suggestions and accordingly re-examined and revised the statistical analysis of our data. Where we
partially disagree (point [5]), we explain the reasons but nonetheless follow her/his suggestions.

[1] How did the authors determine that the Kolmogorov-Smirnov test is most appropriate for their
statistical analyses rather than the more usual t-test and ANOVA (for multiple comparisons)? This
seems like an unusual choice without clarification. It is my understanding that K-S is more
appropriate than a t-test in the case of non-normally distributed data. Did the authors determine
that their data were not normally distributed? An explanation in the methods would be valuable to
the reader.

In the original manuscript, we did not include statistical analysis. For the revised version, we used
two different methods to test for the normal distribution of the data sets: the test by D’Agostino &
Pearson and the test by Shapiro using the Prism 9 (Graph Pad) software. The results were mixed: for
some data (i.e., a certain condition) within a dataset, the hypothesis that the data is normally



distributed was rejected; for other data from the same dataset, the hypothesis was accepted. For
example, normal distribution for ES data (control condition) was rejected but accepted for the Zn%
condition in Fig. 3. For some dataset, there were also differences between the two methods that
tested normal distribution. Therefore, we decided to use a non-parametric test that does not require
normal distribution of the data. A non-parametric test has usually less power when applied to
normally distributed data; i.e., it is less likely to detect a true difference. We preferred this
conservative choice over using standard tests that require normality of the data. Arguably, the two-
sample Kolmogorov-Smirnov test is a test with high power and, although less frequently used,
appropriate for testing differences in the distribution of two groups. Following the suggestions of this
reviewer, we re-analyzed our data using different tests that are more commonly used given the
dataset structures and sample sizes (see replies below), and now also mention the use of the test for
normality in the methods section. Tests were also performed with Prism 9 (Graph Pad).

[2] Figure 4G. For the amiloride sensitivity of the pHi homeostasis P=0.02. It would be expected for
the multiple comparisons in 4G that ANOVA be applied or that the P value threshold for t-test/K-S
test be adjusted for multiple comparisons, in which case P would need to be <0.01 to be significant.
The significance of amiloride sensitivity is of key importance to identifying the SLC9 responsible.

We agree that, for the dataset of Figure 4G, an analysis method for multiple groups is appropriate;
we now implemented this test in the new version of the manuscript. Most conditions are not
normally distributed (except the CFTRi.» condition), therefore we chose the nonparametric Kruskal-
Wallis test to identify whether there is a difference between the groups (testing variances using the
ranks of the data). Because the dataset contains a control group, we chose a test using multiple
comparisons of the various experimental conditions with the control group. Because our dataset
does not have equal sample sizes, the method of choice is the Dunn method (as recommended by
Zar JH Biostatistical analysis, Pearson, 5™ edition, 2009, p. 243). Using this method, no significant
difference is detected between any condition and the control group. Therefore, we change the text
describing the data in the results section, similar to the wording of the initial version of the
manuscript.

The amiloride sensitivity may not be of key importance to identify SLC9 as being responsible for H*
extrusion. Although we clearly show amiloride-sensitive pH regulation in sperm using the acid-load
experiment described in Figure 3D&E and the lack of change in pH;in the presence of amiloride when
perfusing with an alkaline solution (Figure 3l), the amiloride effect may not show under other
conditions. We can only speculate why amiloride fails to have a significant effect on CO,/HCOs5™-
induced acidification in sperm. The activity of SLC9 is likely to be pHi-dependent; at low pH;, SLC9
should have higher proton transport rates, which could be the reason why this is easier to detect
fluorometrically (as in Fig. 3D,E & I). As we describe in the text, to answer this issue unequivocally,
the transport mode and pharmacology (amiloride sensitivity) of the heterologously expressed SLC9C1
and 2 or heterodimers (SLC9C1/2) and SLC9B1 must be determined.

Out of curiosity, we also performed tests ignoring the non-normal distribution of the data in Fig.4G: a
one-way ANOVA gives p = 0.014; the post-hoc multiple comparison using the Scheffé method yields
no significant difference between any of the groups. In conclusion, irrespective of the normal
distribution of data, there is no significance between conditions and control in Fig. 4G.

[3] Can the authors define and explain the relationship between nexp and ncells. Does nexp
represent different days or different dishes of cells etc.? A more rigorous statistical analysis could



include batch dependence as a nested factor: this may help with the analysis of inhibitor effect.

Yes, nexp represents the number of different cover slips of cells. We now specify this in the methods
section. Per cover slip, the number of cells (nceis) was variable (range: 1 — 10). The unequal sample
size within each subgroup (also known as “unbalanced design”) complicates the implementation of a
nested ANOVA: To arrive at equal samples size within each subgroup, random data can be deleted or
missing data can be replaced by estimates to handle minor inequalities in sample size (see Zar JH
Biostatistical analysis, Pearson, 5™ edition, 2009, p. 304). More general approaches, including general
linear models, can be employed to deal with this problem (Rawlings JO et al. Applied Regression
Analysis. A Research Tool, Springer, 2" edition, 1998, pp. 545ff). However, because of the wide range
of different sample sizes per cover slip this approach is not feasible for our datasets.

For statistical analysis, it is preferable to have a balanced design, i.e., equal sample size per subgroup
and condition. However, the performed experiments and the whole procedure including labeling,
centrifuging, cell placement and imaging are complex, and it is challenging to always arrive at the
same number of sperm per recording.

[4] Some statements are still lacking statistical backing, which the authors could easily calculate. For
example line 494-496 appears to be based on comparison averages rather than a demonstration of
significant difference among cell types in 4H data.

We changed the wording and performed the appropriate statistical analysis to determine significant
differences (see reply below).

[5] In any case, a two-way ANOVA or equivalent would be more appropriate for Fig 4C, 4H, and 5H
data.

A two-way ANOVA is only applicable for normally distributed data. Analogous non-parametric tests
are a matter of disputes and are rather not recommended (Zar JH p.249). Here are the results
concerning normal distribution: Fig.5H, normal distribution; Fig.4H, for some data no normal
distribution; Fig.4C, Shapiro test: normal distribution, d’Agostino test one dataset (7.7 + HCOs’) no
normal distribution; Fig. S5: Shapiro test one dataset (Alkal. Ctrl) no normal distribution, d’Agostino
test not applicable for two data sets because n too small. Of note, in addition to the different test
results, deviations from normality are relatively small in several datasets. Therefore, as the reviewer
suggested, we now use two-way ANOVA for the mentioned data sets with pH and CO,/HCOs" (Fig.
4C), Ctrl/ACZ and cell type (Fig. 4H), or Ctrl/ACZ and alkalization/acidification (Fig. 5H and S5B). Of
note, we detect that acetazolamide (ACZ) does not significantly slow down acidification following
CO,/HCO; perfusion in CHO cells, supporting the idea that CHO cells indeed have a very minor or
almost no CA activity. The previously used KS test showed significance, probably due to the vastly
different distributed data (see Fig. 4H compare control vs. ACZ in CHO cells). We now also report on
the significant differences of the previously untested factors (Fig. 4C, control vs. CO,/HCOs’; Fig. 4H, T
ApH; of cell types: sperm vs. CHO vs. HEK; Figs. 5H and S5B, t1» ApH;: alkalization vs. acidification). Of
note, Fig. 4H illustrates a clear example of a highly significant interaction between the two factors
cell type and ACZ revealed by the two-way ANOVA.

Reviewer #3 (Remarks to the Author):

Overall the authors have adequately responded to all comments except one- a final list of all proteins



identified by mass spec should be included in a Supplemental table (preferably excel) that contains
details of the protein accession and the relevant quantitative information.

We have included now all Excel tables S2, S8, and S9 in the manuscript (in addition to the previous
deposition in the PRIDE repository). The corresponding raw data had been already deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD036819 and we have stated that in the respective legends. Moreover, the reviewer’s access code
for the PRIDE repository is included. Thus full access of all data for the reviewers and the prospective
readers is provided. This should remove all uncertainties about the availability of data.



REVIEWERS' COMMENTS
Reviewer #2 (Remarks to the Author):

The authors have revised their statistical approach in a thoughtful and conservative manner that
satisfies my comments.

One query remains: the effect of amiloride in Fig 3E and 3I that forms the basis of one conclusion
(Line 367) does not currently appear to be supported by any statistical analysis, only by two example
traces. Statistics should be provided or if it is the authors contention that amiloride allows for no pH
change and that statistical analysis is therefore moot, this ought ought at least to be made clear to the
reader and the number of replicate observations stated.



Reviewer #2 (Remarks to the Author):

The authors have revised their statistical approach in a thoughtful and conservative manner that
satisfies my comments.

One query remains: the effect of amiloride in Fig 3e and 3i that forms the basis of one conclusion
(Line 367) does not currently appear to be supported by any statistical analysis, only by two example
traces. Statistics should be provided or if it is the authors contention that amiloride allows for no pH
change and that statistical analysis is therefore moot, this ought at least to be made clear to the
reader and the number of replicate observations stated.

We now include the mean change in pH in the presence and absence of amiloride for Fig. 3e and 3i.
We also provide the statistical analysis (paired test for Fig. 3e and paired Mann-Whitney-Test for Fig.
3i)) and report the significant difference between amiloride (minimal change in pH) and control
condition (substantial recovery/increase in pH).



Description of Additional Supplementary Files

File Name: Supplementary Data 1
Description: Proteome from sperm of three different donors.

File Name: Supplementary Data 2
Description: MS data for all LOD values.
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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

[0

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O O XX [OOOS

NN

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Mass spectrometers were operated using the software Thermo XCalibur 4.4.16.14 for the Orbitrap Exploris™480 mass spectrometer and
Thermo XCalibur 4.0.27.19 for the Q Exactive HF-X Hybrid Quadrupole-Orbitrap Mass Spectrometer. For aquisition of electrophysiology and
fluorometry data ClampEx (version 10.2.0.15) and Andor Solis (version 4.30.30034.0) were used.

Data analysis MaxQuant (version 1.6.5.0) software, Perseus (version 1.6.2) software, Skyline software (version 21.1.0.278), Microsoft Excel (version 2019)
and the programming language R (version 4.2.2) as well as R Studio (2022.07.2) were used in analysing Mass Spectrometry data. For
electrophysiology and fluorometry data ClampFit {10.0.3.03), Igor Pro (version 6.3.7.2) and ImageJ (version 1.52p) was used. For statistical
analysis, GraphPad Prism 9 (Version 9.5.1) was used.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The mass spectrometry proteomics data (Supplementary Table S2 and S8) has been deposited in the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD036819. Additionally, the Skyline analysis files have been deposited inPanorama (Data License: CC BY 4.0 und doi: 10.6069/6m29-
at05). The UniProt complete Homo sapiens proteome sequence data base was used. All other data is available in the article or the source data that is provided as a
Source Data file with this paper. All other data are available on request.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender male
Population characteristics Human semen samples were donated by healthy adult caucasian males (age: 21 — 56 years).

Recruitment Participants were recruited from the institute (caesar) and the University of Bonn. However, we are not aware of any bias
that might affect the quality or properties of sperm.

Ethics oversight The use of human sperm samples was approved by the ethics committee University of Bonn (042/17).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed. The sample sizes were determined by the availability of the donors. For the mass spectrometry
data, we performed three biological replicates to identify the human sperm proteome. The Venn diagramme (Fig. 2a) shows the high protein
overlap between the replicates, supporting the notion that those three replicates provide a high protein coverage. Accordingly, subsequent
quantitative MS experiments used 3-4 biological replicates.

Data exclusions  Mass Spectrometry measurements of low quality due to technical reasons were excluded from data analysis (for example, when the retention
time windows did not cover the whole peak width or if the sensitivity of the machine was not up to the expected standard and, thereby,
influencing accuracy of measurement). For electrophysiology, recordings with large leak currents that indicate inferior pipet/cell contact were
excluded. Experiments often involved a solution switch in the perfusion system. Once in a while, mechanical instabilities (air, bubbles) cause
optical and electrical artefacts. These experiments were excluded from further analysis.

Replication For the mass spectrometry data, we performed 3-4 biological replicates for each set of experiments; all attempts with technically clean
progression were successful. For the physiology measurements different numbers of samples were used; all technically successful

experiments are reported and included in the analysis, and the numbers of all experiments and cells are specified in the manuscript.

Randomization  Randomization is not applicable. Comparisons are performed on different cell types or using different chemicals in separate (non-consecutive)
experiments.

Blinding The study was not blinded. Blinding is not common practice and neither useful nor practical in the context of a proteomics study and due to
the technical complexity and exploratory nature of the techniques (patch-clamp electrophysiology, single sperm cell imaging) used.

Reporting for specific materials, systems and methods
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Animals and other organisms

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies [] chip-seq

] Eukaryotic cell lines XI|[] Flow cytometry

|Z Palaeontology and archaeology |Z |:| MRI-based neuroimaging
0

X

Clinical data

OHOX DX

Dual use research of concern

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293 (ATCC-CRL-1573), Homo sapiens; CHO-K1 (ATCC-CCL-61), Cricetulus griseus; CHO-hHv1, CHO-K1 line stable
expressing hHv1, produced by Dr. H. Kérschen; human sperm, donated by male donors; mouse sperm (C57BI/6N WT and
SLC9CI1-KO mice)

Authentication None.
Mycoplasma contamination Cell lines tested negative.

Commonly misidentified lines  no commonly misidentified lines were used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57BI/6N WT and SLC9C1-KO (B6; 129S6-SIc9al0tm1Gar/J, stock number: 007661, Jackson Laboratory); 2-5 months old. Mice were
housed at 21°C with 55% relative humidity at a 12h light/dark cycle.

Wild animals No wild animal have been used in this study.
Reporting on sex male
Field-collected samples  No field-collected samples were used in this study.

Ethics oversight Animal experiments were in accordance with the relevant guidelines and regulations and approved by the local authorities
(Landesamt fur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, LANUV).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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