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1  | INTRODUC TION

Uromodulin (UMOD, also called Tamm- Horsfall protein) has been 
gradually recognized as a protective factor and a biomarker of kid-
ney injury. Although UMOD has been found for over 60 years, its 
new functions are constantly being discovered. UMOD has been 
recognized as an important regulatory protein of innate immune via 
binding complement fragments.1- 6 Our previous study has shown 

that UMOD can bind complement factor H (cFH) and enhance its 
ability as a cofactor of complement factor I to degenerate C3b.7

UMOD is expressed and secreted by epithelial cell on thick as-
cending limb (TAL) of Henle's loop and early distal convoluted tubules 
(DCT) of the nephron,8 which are important functional segments of 
renal tubules.7,9,10 There are gradient changes of pH and ion concen-
tration in this part under physiological and pathological status,11,12 and 
the epithelial cells in the region are sensitive to the changes of pH and 

 

Received: 7 October 2020  |  Revised: 5 March 2021  |  Accepted: 10 March 2021

DOI: 10.1111/jcmm.16492  

O R I G I N A L  A R T I C L E

The importance of sialic acid, pH and ion concentration on the 
interaction of uromodulin and complement factor H

Lufeng Bai1,2,3,4,5 |   Qiuyu Xie1,2,3,4 |   Min Xia1,2,3,4 |   Kunjing Gong1,2,3,4 |   
Na Wang1,2,3,4 |   Yuqing Chen1,2,3,4  |   Minghui Zhao1,2,3,4,5

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

Lufeng Bai and Qiuyu Xie contribute equally to this paper.  

1Renal Division, Department of Medicine, 
Peking University First Hospital, Beijing, 
China
2Peking University Institute of Nephrology, 
Beijing, China
3Key Laboratory of Renal Disease, Ministry 
of Health of China, Beijing, China
4Key Laboratory of Chronic Kidney Disease 
Prevention and Treatment, Ministry of 
Education, Beijing, China
5Peking- Tsinghua Center for Life Sciences, 
Beijing, China

Correspondence
Yuqing Chen, Renal Division, Department of 
Medicine, Peking University First Hospital, 
Beijing 100034, China.
Email: cyq@bjmu.edu.cn

Funding information
National Natural Science Foundation of 
China, Grant/Award Number: 81570664

Abstract
Uromodulin (UMOD) can bind complement factor H (cFH) and inhibit the activation 
of complement alternative pathway (AP) by enhancing the cofactor activity of cFH 
on degeneration of C3b. UMOD, an N- glycans- rich glycoprotein, is expressed in thick 
ascending limb of Henle's loop where the epithelia need to adapt to gradient change 
of pH and ion concentration. ELISA- based cofactor activity of cFH and erythrocytes 
haemolytic assay was used to measure the impact of native and de- glycosylated 
UMOD on the functions of cFH. The binding assay was performed under different 
pH and ion concentrations, using ELISA. The levels of sialic acid on UMOD, from 
healthy controls and patients with chronic kidney disease (CKD), were also detected 
by lectin- ELISA. It was shown that removal of glycans decreased the binding between 
UMOD and cFH and abolished the ability of enhancing C3b degradation. In acidic 
condition, the binding became stronger, but it reduced as sodium concentration in-
creased. A significant decrease of α- 2,3 sialic acids on UMOD was observed in CKD 
patients compared with that of healthy individuals. The sialic acids on UMOD, local 
pH and sodium concentration could impact the binding capacity between UMOD 
and cFH and thus regulate the activation of complement AP.
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ion concentration as well as the state of hypoxia and ischaemia.13- 15 
UMOD is also a highly glycosylated protein, about 28% of its molec-
ular weight is carbohydrates. There are seven actual N- glycosylation 
sites, among which Asn275 carries one high- mannose chain, and the 
other six sites are composed of di- , tri-  and tetra- antennary types of 
N- linked glycans.16 Sialic acids are the outermost properties of the 
glycan chains. cFH has specific binding sites to sialic acids,17,18 and 
sialic acid– bound cFH has 10- fold affinity for C3b compared with C3b 
to its activator.19,20

Thus, we explored the impact of pH, ion concentration and sialic 
acids on the interaction of UMOD and cFH.

2  | MATERIAL S AND METHODS

2.1 | CKD cohort

In this study, we recruited 17 healthy volunteers and 36 patients 
with chronic kidney disease (CKD). The average age of the 36 CKD 
patients was 38.0 ± 12.6 years. The renal diseases included IgA ne-
phropathy, lupus nephritis, ischemic renal disease, ANCA- associated 
vasculitis, diabetic nephropathy, Alport syndrome, thrombotic mi-
croangiopathy, hypertensive kidney disease and glomerulonephritis. 
The average serum creatinine was 212.0 ± 102. 6 μmol/L (Table 1). 
We collected their urine, purified the UMOD to exclude the influ-
ence of proteinuria and same dosage of UMOD were used in the 
experiments to avoid effect of UMOD level from different patients.

2.2 | Uromodulin purification

UMOD was purified according to protocol from previous study.21 
Briefly, 1- L urine was mixed with 20 g diatomaceous earth (Celite 521, 
Acros Organics) for 20 minutes at 4℃ and the mixture was transferred 

into a funnel with filter paper (Whatman, 15 cm diameter). After filtra-
tion, the layer of diatomaceous earth was washed with 0.025 mol/L 
sodium- phosphate buffer and then mixed with deionized water for 
30 minutes at 4℃, and centrifuged at 20 000 g for 30 minutes at 4℃. 
The 0.1 mol/L phosphate buffer and NaCl were added into the su-
pernatant to the final concentration of 0.0025 and 0.14 mol/L, re-
spectively. After mixing for 5 minutes, 5- g diatomaceous earth was 
added, mixed for 20 minutes at 4℃. The mixture was transferred into 
a funnel with filter paper (Whatman, 7 cm diameter). After filtration, 
the layer of diatomaceous earth was washed with PBS and taken out 
to mix with deionized water for 30 minutes at 4℃ and centrifuged 
at 20 000 ×g for 30 minutes at 4℃. The supernatant was collected 
for dialysis in deionized water at 4℃ for overnight. After dialysis, the 
supernatant was concentrated by centrifugation at 3000 rpm using 
30 000 NMWL filter (AmiconTM Ultra- 15; Milipore), and then UMOD 
was lyophilized and kept at −80℃ before the experiment.

The purity of UMOD was evaluated with silver stain and western 
blot (Figure S1). Purified UMOD was separated in 10% SDS- PAGE 
gel. After electrophoresis, the gel was silver stained following the 
procedure described in silver staining kit (Coolaber, Beijing). Purified 
UMOD was boiled with 5 x loading buffer for 10 minutes and sepa-
rated in 10% polyacrylamide gel by SDS- PAGE. Proteins were then 
transferred to polyvinylidene difluoride (PVDF) membranes and 
blocked for 1 hours in 5% non- fat milk. Then, purified UMOD was 
detected by polyclonal antibody to human cFH (Cloud- Clone Corp.) 
and polyclonal antibody to human complement factor I (Cloud- 
Clone Corp.). After washing, the secondary horseradish peroxidase 
antibody was used. The membranes were exposed and analysed in 
GE Image Quant LAS 4000 chemiluminescence imaging analyser.

2.3 | Cofactor activity of cFH

The measurement of cofactor activity of cFH followed previous 
study.7 Briefly, the experiment was performed in fluid mixture 20 μL, 
which included cFH (0.5 μg, Merck, Kenilworth), factor I (50 ng, 
Merck), C3b (3 μg, Merck) and UMOD (8 μg). The mixture was in-
cubated at 37℃ for 10, 20, 30 and 40 minutes, respectively. C3b 
and its cleavage products were detected by western blotting with a 
polyclonal anti- C3c antibody (Dako Cytomation).

2.4 | Haemolytic assay

The assay was modified according to previous study.22 Sera were 
from three healthy individuals. Positive control was 100% haemoly-
sis of sheep erythrocytes mixed with 6 μL of mouse anti- human cFH 
monoclonal antibody (BioPorto Diagnostics A/S) and the normal 
serum. 30 μL of serum was mixed with cFH antibody, incubated at 
4℃ for 1 hours, and then 5, 10 and 20 μg of UMOD were added 
to the mixtures, respectively. 3 μg of commercial cFH was added. 
At last, the mixtures were diluted in alternative pathway (AP) buffer 
(consist of 144 mmol/L NaCl, 7 mmol/L MgCl2, 2.5 mmol/L barbital, 

TA B L E  1   Clinical characteristics of the control and CKD groups

Control group CKD group P value

Numbers 17 36 −

Age (year) 31.7 ± 9.9 38.0 ± 12.6 .10

Gender (male/
female)

7/10 17/19 .68

Creatinine serum 
(μmol/L)

NA 212.0 ± 102.6 −

eGFR (mL/min per 
1.73 m2)

NA 36.49 ± 32.05 −

Note:: Data are normally distributed and presented as the mean ± SEM. 
The t- test was used to compare between groups. CKD diagnosis was 
based on KDIGO guidelines. The 36 CKD patients included 19 IgA 
nephropathy, 5 lupus nephritis, 2 ischemic renal disease, 2 ANCA- 
associated vasculitis, 2 diabetic nephropathy, 2 Alport syndrome, 1 
thrombotic microangiopathy, 1 hypertensive kidney disease and 2 
chronic glomerulonephritis.
Abbreviations: ANCA: anti- neutrophil cytoplasmic antibody; CKD: 
chronic kidney disease; eGFR: estimated glomerular filtration rate.
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1.5 mmol/L sodium barbital and 10 mmol/L EGTA) to total volume of 
100 μL. The samples of each group were prepared in duplicate. The 
blank of each group was prepared by diluted samples in AP buffer 
plus 50 mmol/L EDTA. Final assay was carried out by adding 100 μL 
of sheep erythrocytes (5 × 106 cells/mL in AP buffer) to the mixtures 
and incubated at 37℃ for 30 minutes. Then the samples were centri-
fuged at 5000 rpm for 5 minutes. The supernatants were transferred 
and the absorbance at 414 nm (A414 nm) was determined. The hae-
molysis (%) was calculated by subtraction of A414 nm of the samples 
and their corresponding blank dividing the A414 nm of total lysis 
(100 μL sheep erythrocytes and 100 μL deionized water).

2.5 | Removal of glycan chains

The PNGase F (P0704) and α2- 3,6,8,9 Neuraminidase A (P0722) 
were purchased from New England BioLabs Inc The experiments 
were carried out according to the manufacturer's instructions with 
some modifications. N- glycan was removed both under denatured 
condition and native condition. Under denatured condition, UMOD 
was mixed with glycoprotein denaturing buffer, boiled for 10 min-
utes at 100℃, and cooled down on ice. And then, Glycobuffer 2, 
NP- 40, and PNGase F were added to the mixture and incubated at 
37℃ for overnight. Under native condition, UMOD, GlycoBuffer 2 
and PNGase F were directly mixed and incubated at 37℃ for over-
night. Sialic acids were removed by α2- 3,6,8,9 Neuraminidase A 
in a mixture of UMOD and GlycoBuffer 1, and incubated at 37℃ 
overnight. After incubation, the mixtures were subjected to western 
blotting to verify the removal of carbohydrates. And then, the mix-
tures were transferred to 30,000 NMWL filter (AmiconTM Ultra- 15, 
Milipore) and the buffers were replaced with water by centrifugation 
at 3000 rpm at 4℃ for 10 times. Then the protein concentration was 
determined by NanoDrop 1000.

2.6 | Binding of uromodulin with cFH by ELISA

These experiments were performed according to the previous 
study.7 Shortly, 96- well plates were coated with cFH (4 μg/mL, 
in 100 mmol/L carbonate buffer, 100 μL per well, pH 9.6) at 4℃ 
for overnight. Because of interference of THP due to its viscidity 
of plastic plates, we coated 96- wells plates with cFH. The results 
have been proved to be convincing by our previous study. After 
incubation, plates were washed three times with 10 mmol/L PBS 
with 0.1% Tween- 20 (PBST). The reaction volume was 100 μL 
and incubation was at 37℃ for 1 hours. Different concentrations 
of UMOD (controls, filtered and not filtered PNGase F- treated, 
neuraminidase- treated and THP with neuraminidase) were added. 
After washing, bound- UMOD was detected by rabbit anti- human 
UMOD polyclonal antibody (Biomedical Technologies Inc). Then 
alkaline phosphatase- conjugated secondary anti- rabbit IgG an-
tibody (Sigma- Aldrich) was used. Finally, absorbance was read at 
OD405nm.

2.7 | Binding of complement factor 
H and uromodulin under different pH and 
concentration of sodium

This assay was performed according to previous study.7 The 96- 
cells plate was first coated with 4 μg/mL cFH in 100 mmol/L car-
bonate buffer (100 μL per well, pH 9.6) at 4℃ for overnight. Then 
the 96- cells plate was blocked by 1% bovine serum albumin (BSA) 
at 37℃ for 1 hour. Different concentrations (0, 2, 4, 8 μg/mL) of 
THP were added. The mixture was incubated in binding buffer with 
different pH (4 to 9) and various concentrations of sodium (50, 100, 
150, 200 mmol/L) at 37°C for 1 hour respectively. After incuba-
tion, the plate was washed with PBST (300 μL/cell) for three times. 
Then the plate was incubated with PBST diluted rabbit anti- human 
UMOD polyclonal antibody (Santa Cruz Biotechnology, USA) at 
37℃ for 1 hour and then goat anti- rabbit IgG alkaline phosphatase 
(Sigma Aldrich) was used. After washed, the 96- cells plate was filled 
with alkaline phosphatase substrate (Amresco) for 20 minutes. The 
OD at 405 nm was measured by a microplate reader (iMark, BIO- 
RAD). The binding buffer was based on PBS, pH was adjusted by 
HCl or NaOH, and sodium concentration was adjusted by changing 
the dosage of NaCl in PBS buffer. An artificial urine was also used 
to repeat the above experiments. The artificial urine (200 mmol/L 
Urea, 1.0 mmol/L Uric acid, 4.0 mmol/L Creatinine, 5.0 mmol/L 
Na3C3H5O7, 54.0 mmol/L NaCl, 30.0 mmol/L KCl, 3.0 mmol/L CaCl2, 
2.0 mmol/L MgSO4, 2.0 mmol/L NaHCO3, 0.1 mmol/L NaC2O4, 
9.0 mmol/L Na2SO4, 0.4 mmol/L Na2HPO4, 3.6 mmol/L NaH2PO4) 
was prepared according to previous report.23

2.8 | Measurement of sia- α (2,3) Gal/GalNAc with 
Lectin- ELISA

Sia- α (2,3) Gal/GalNAc was specifically recognized by biotinylated 
Maackia ameurensis lectin II (MAL II from Vector Laboratories). 96- 
well plates were coated with UMOD (1 μg/mL, in 50 mmol/L car-
bonate buffer, 100 μL per well, pH 9.6) at 4℃ for overnight. After 
being washed with 0.1% PBST for four times, the plates were filled 
with 1x Carbo- FreeTM Blocking Solution (Vector Laboratories) for 
1 hour at 37℃. After washing, MAL II diluted into 10 μg/mL (in 1% 
BSA) was added to the plates and incubated at 37℃ for 1 hour. Then 
the plates were washed four times and filled with horseradish per-
oxidase (HRP)- conjugated streptavidin (Thermo Fisher Scientific) for 
1 hour at 37℃. Then the plates were washed and filled with chemi-
luminescent substrate (Thermo Fisher Scientific) for 10 min, and the 
reaction was stopped by 1 mol/L H2SO4. Finally, absorbance was 
read at OD450/570 nm.

2.9 | Statistical analyses

Statistical software SPSS 14.0 (SPSS) was used for statistical 
analysis. Quantitative data were expressed as mean ± SEM. For 
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normally distributed data, one- way ANOVA was used for com-
parison of continuous data. For data which did not assume nor-
mal distribution, nonparametric tests were used to compare data 
significance. Statistical significance was considered as P < .05.

3  | RESULTS

3.1 | Uromodulin strengthened the function of 
complement factor H

In this study, we further explored whether the existence of UMOD 
could accelerate C3b degradation mediated by cFH and factor I. The 
α- chain (108 kDa) of C3b was cleaved into two fragments at 68 and 
43 kDa. The ratio of 43 kDa over 108 kDa indicates the level of C3b 

degradation. The control group with UMOD alone (without cFH) was 
set up. With the extension of time, the group without UMOD pre-
sented no obvious increase of C3b degradation, but in the group with 
UMOD, an increase of C3b degradation was observed. The control 
group with UMOD alone present no degradation of C3b (Figure 1A, B).

The cFH protects sheep red blood cells (SRBCs) from haemolysis 
through inhibiting the activation of complement AP.24 In our test, we 
set up a system which led to nearly 100% haemolysis of the SRBCs by 
adding 6- μg anti- cFH antibody to the healthy serum. The haemolysis 
rate was reduced to 50% by adding exogenous 3 μg cFH in the sys-
tem. When adding UMOD (5, 10 and 20 μg), the haemolysis rate was 
gradually reduced to 30%. We also set up control groups with various 
UMOD (5, 10 and 20 μg), but without cFH. The results showed that 
UMOD could not protect erythrocytes from haemolysis without cFH 
(Figure 1C).

F I G U R E  1   UMOD- cFH binding enhanced the function of cFH. A, Uromodulin (UMOD)- cFH binding accelerated the degradation of C3b 
by Western blotting. The cofactor activity of factor H was assayed in the fluid phase. The fluid reaction system including C3b (3 μg), cFI 
(50 ng) and cFH (0.5 μg), without or with UMOD (8 μg) were incubated and samples were collected at 10, 20, 30 and 40 min, respectively. 
The control group included C3b (3 μg), cFI (50 ng) and UMOD (8 μg) were also collected at 10, 20, 30 and 40 min, respectively. The 
experiments were repeated at least three times. B, Densitometric analyses of the iC3b 43 kDa band. Results are presented as the mean 
values ± SEM of three independent experiments in duplicate wells. The degradation of C3b was calculated by ratio of relative intensity of 
43 kDa over 108 kDa. C, Uromodulin (UMOD)- cFH enhanced the prevention of the Sheep erythrocytes from haemolysis. Adding 6 μg of 
cFH antibody induced nearly 100% haemolysis. The haemolysis was inhibited to 50% by adding 6 μg of cFH antibody and 3 μg exogenous 
cFH. Further, the haemolysis was inhibited up to 30% by introducing 5, 10 and 20 μg of UMOD. The control groups included UMOD (5, 10 
and 20 μg) alone without cFH were also collected. The experiments were repeated at least three times



4320  |     BAI et Al.

3.2 | Sialic acids on uromodulin mediated the 
binding of uromodulin and cFH

UMOD was treated with PNGase F or neuraminidase A to generate 
different types of de- glycosylated protein. Under denatured condition, 
most of the N- glycans were removed by PNGase F, which led to about 
30% decrease of the UMOD molecular weight (Figure 2A). Under de-
natured condition, UMOD lost the ability of binding cFH either with or 
without N- glycans (Figure 2B). Under native condition, the N- glycan 
chains were partially removed. When UMOD was treated with neu-
raminidase A under native condition, there was also a small band shift-
ing, suggested partial removal of sialic acids (Figure 2A).

In order to exclude the influence of PNGase F and neuraminidase 
A on UMOD and cFH- binding analysis. We used exclusion chromatog-
raphy to remove the PNGase F (36 kDa) in reaction mixture and silver 
stain showed that most of the PNGase F was removed (Figure S2A). 
No difference was identified between filtered and not filtered de- 
glycosylated UMOD- cFH binding (Figure S2B). Filtering with exclusion 
chromatography lost most of UMOD protein due to the viscosity of 
UMOD and similar molecular weight of de- glycosylated UMOD and 
neuraminidase. We tried another control experiment to demonstrate 
that no difference between the binding strength of UMOD with and 
without neuraminidase (not incubated at 37℃) to cFH (Figure S2C).

Under native condition, the removal of N- glycan by PNGase F led 
to obviously decreased binding of UMOD to factor H (Figure 2B). We 
then found that removal of sialic acid components by neuraminidase 
A also obviously reduced the binding of UMOD to cFH (Figure 2C).

In cofactor activity assay of cFH, UMOD pretreated with PNGase 
F lost the ability to enhance C3b degradation compared with con-
trols (Figure 3A, B).

When UMOD was pretreated by neuraminidase A, the ability of 
enhancing C3b degradation of UMOD decreased, but in large dose 
(8 μg UMOD) group, the de- sia UMOD still enhanced the degrada-
tion compared with 0 μg UMOD group (Figure 3C, D).

3.3 | Measurement of sia- α (2,3) Gal/GalNAc in 
CKD patients

We recruited 17 healthy controls and 36 CKD patients with aver-
age serum creatinine at 212.0 ± 102. 6 μmol/L. We collected their 
urine, purified the UMOD to exclude the influence of proteinuria. 
The same dosage of UMOD was used in the experiments. We meas-
ured α- 2,3 sialic acids level on UMOD by lectin- ELISA in 17 healthy 
controls and 36 CKD patients. A decrease of α- 2,3 sialic acids on 
UMOD was observed (P = .02) in CKD patients (Figure 4).

3.4 | The effect of pH on the interaction of 
UMOD and cFH

Under different pH conditions (pH = 4- 9), the binding of UMOD 
and cFH was still dose- dependent, increased with elevated UMOD 
dosage. With acidic condition (pH = 4), the dose- dependent effect 

F I G U R E  2   Sialic acids mediated the interaction of uromodulin and cFH. Uromodulin (UMOD) was treated with PNGase F or 
neuraminidase A to generate different kinds of de- glycosylated forms. Then, the binding assay of de- glycosylated UMOD and cFH was 
measured on 96- well microtiter plates. The experiments were repeated at least three times. A, Uromodulin (UMOD) was treated with 
PNGase F (under denatured and native condition) and neuraminidase A, and then was analysed by western blotting with anti- human UMOD 
antibody. B, UMOD pre- treated with PNGase F (under native and denatured condition) bound immobilized cFH. C, UMOD pre- treated with 
neuraminidase A bound immobilized cFH
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was clear and the binding was the strongest. While under alkaline 
environment (pH = 8- 9), the dose- dependent effect was not obvi-
ous and the binding was the weakest (Figure 5A). The capacity of 
UMOD binding cFH was stronger under acidic conditions (pH = 4- 5) 
then under alkaline conditions (pH = 8- 9) at indicated UMOD dose 
(Figure 5B).

3.5 | The effect of ion concentration on the 
interaction of UMOD and cFH

Sodium concentration of 50, 100, 150 and 200 mmol/L was pre-
pared at different pH. When the pH was fixed, the binding of UMOD 
and cFH changed with the concentration of sodium ion. The binding 
capacity decreased as sodium ion concentration increased at acidic 
condition. While under neutral and alkaline conditions, the binding 
got stronger as sodium concentration rose (Figure 6).

In order to explore the influence of calcium and magnesium, 
artificial urine was used as binding buffer and the pH was adjusted 

F I G U R E  3   Uromodulin lost N- glycans failed to enhance C3b degradation. The fluid reaction system, including C3b (3 μg), cFI (50 ng), 
cFH (0 or 0.5 μg), without or with uromodulin (UMOD) (2, 4 and 8 μg) and with de- glycosylated or de- sialylated UMOD (2, 4 and 8 μg) were 
incubated and samples were collected at 30 min (n = 3). The experiments were repeated at least three times. A, Western blotting of C3b and 
its lysis products with UMOD or de- glycosylated UMOD. B, The degradation of C3b was calculated by normalized ratio of relative intensity 
of 43 kDa over 108 kDa. Normalization was carried out by ratio of the relative intensity of 43 kDa and 108 kDa of the sample dividing ratio 
of that of the control (with cFH and without UMOD). C, Western blotting of C3b and its lysis products with UMOD or de- sialylated UMOD. 
D, The degradation of C3b was calculated by normalized ratio of relative intensity of 43 kDa over 108 kDa. Normalization was carried out by 
ratio of the relative intensity of 43 kDa and 108 kDa of the sample dividing ratio of that of the control (with cFH and without UMOD)

F I G U R E  4   A decrease of Sia- α (2,3) Gal/GalNAc was found in 
CKD patients. Sia- α (2,3) Gal/GalNAc was specifically recognized by 
biotinylated Maackia ameurensis lectin II. The absorbance was read 
at OD450/570 nm and represented the concentration of α- 2,3 sialic 
acids on UMOD
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to 4.6, 5.4 and 6.0, respectively, by hydrochloric acid. The results 
showed that when the concentration of UMOD was constant, 
the binding ability of UMOD with cFH was increased as pH de-
creased. That was similar as the assay performed in PBS. Calcium 
and magnesium ions were removed from artificial urine, and pH of 
the urine was adjusted by hydrochloric acid. The binding capacity 
of UMOD and cFH was not influenced by calcium and magnesium 
(Figure S3).

4  | DISCUSSION

We previously found that UMOD could bind with cFH and enhance 
the cofactor activity of cFH in the cleavage of C3b by cFI.7 And this 
work was also proved by Rhodes et al25 It is well known that cFH 
is the key regulator of complement AP, and the regulatory domain 
of cFH locates in N- terminal short consensus repeat 1- 4 (SCR1- 4), 
whose function is to bind C3b, and to accelerate the degradation 
of C3 convertase.7,26 C3b has α- chain and β- chain, and α- chain 
(108 kDa) can be cleaved into 68 and 43 kDa. 68 kDa product is 
stable, while 43 kDa product is increasing with degradation of α- 
chain.27 The ratio of 43 kDa over 108 kDa can indicate the degree 
of C3b degradation. The sheep erythrocytes haemolysis are typical 
tests to evaluate cFH function. C- terminal of cFH binds negatively 
charged molecules, such as heparin and sialic acid, which makes cFH 
immobilized on the cell surface, and then the host cells can be pro-
tected from the injury of the over- activation of complement AP, such 
as protecting erythrocytes from hemolysis.28

In our previous experiments,7 we confirmed binding between 
cFH and THP, with ELISA. We also did competition test and surface 
plasmon resonance (SPR) binding experiment to verify the combi-
nation. However, we only identified a dose- dependent effect of 
UMOD on cFH at 30 minutes of co- incubation. In this study, we 
measured the cleavage of C3b at 10, 20, 30 and 40 minutes after 
adding UMOD in co- factor activity assays. The results showed that 
UMOD enhanced the degradation of C3b at each time point. And 
the cleavage of C3b kept increasing in the group with UMOD with 
time prolonged. The result indicated that UMOD could enhance the 
ability of cFH in degrading C3b, not only in a dose- dependent way, 
but also a time- dependent way. And we further demonstrated that 
this UMOD- cFH binding did decrease the haemolysis rate of red 
blood cells.

With function tests of cFH, we further demonstrated that 
UMOD could enhance the cofactor function of cFH. The cFH is 
an important protective factor of cells through binding cell sur-
face by c- terminals.28 It can bind to renal tubular epithelial cells. 
When ischemia- reperfusion injury occurs, cFH can inhibit the 
excessive activation of complement and reduce the damage of 
complement system to epithelial cells.29 cFH is related to the 
severity and prognosis of IgA nephropathy. The level of cFH in 
serum and urine of CKD patients is higher than that of normal 
people.30 UMOD is expressed on the cell surface of tubular cells, 
the interaction of UMOD and cFH strengthens the protective role 
of UMOD. The TAL and DCT segments face gradient changes of 
pH and ion concentration not only under physiological, but also 
pathological status.8,11,12 Our result indicated that the protective 
function of UMOD could adapt to the vigorous change of environ-
ment. Evidences have shown that progressive injuries of tubule- 
interstitial tissue are closely related to activation of complement 
system.31 The study of Morita et al32 have suggested that the 
degree of intratubular complement activation correlates with im-
pairment of renal function, and complement activation products 
excretion rate significantly decreases after sodium bicarbonate 

F I G U R E  5   The binding between UMOD and cFH under 
different pH levels. A, The binding of different concentrations 
(0- 8 μg/mL) of UMOD with cFH at different pH were compared 
and presented. P (pH4:0- 2 μg/mL) < .001*; P (pH4:2- 4 μg/
mL) < .001*; P (pH4:4- 8 μg/mL) = .027*; P (pH5:0- 2 μg/mL) < .001*; 
P (pH5:2- 4 μg/mL) < .001*; P (pH5:4- 8 μg/mL) = .005*; P 
(pH6:0- 2 μg/mL) < .001*; P (pH6:2- 4 μg/mL) = .847; P (pH6:4- 8 μg/
mL) = .349; P (pH7:0- 2 μg/mL) < .001*; P (pH7:2- 4 μg/mL) = .001*; 
P (pH7:4- 8 μg/mL) < .001*; P (pH8:0- 2 μg/mL) < .001*; P 
(pH8:2- 4 μg/mL) = .302; P (pH8:4- 8 μg/mL) = .289; P (pH9:0- 2 μg/
mL) = .002*; P (pH9:2- 4 μg/mL) = .434; P (pH9:4- 8 μg/ml) = .732. 
B, The concentration of UMOD was fixed at 8 μg/mL. The binding 
of UMOD with cFH in different pH value were compared and 
presented
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administration without affecting the level of plasma complement 
activation products. Decrease of pH value in renal tubules is in-
volved in the activation of complements,33 and there are direct 
activation of complements, including AP when pH is between 5.5 
and 8.34 Bicarbonate protects against complement- mediated dam-
age in the lumen by increasing the local pH34 and oral administra-
tion of sodium bicarbonate can attenuate the progress of CKD.35 
In our study, the binding ability of UMOD with cFH was enhanced 
in acidic environment both in PBS and artificial urine, which indi-
cated that UMOD- cFH interaction was increased with the com-
plement activation. In our study, the binding ability of UMOD with 
cFH was enhanced in acidic environment both in PBS and artificial 
urine. Evidences have shown that progressive injuries of tubule- 
interstitial tissue are closely related to activation of complement 
system31 and decrease of pH value in renal tubules is involved in 
the activation of complements.33 When pH is between 5.5 and 8, 
there are direct activation of complements, including AP.34 Thus, 
oral prescription of sodium bicarbonate can attenuate the prog-
ress of CKD.35 Our findings suggested UMOD can play protective 
roles via enhancing activity of cFH in CKD.

Furthermore, we found that under acidic conditions, the bind-
ing of UMOD and cFH got stronger with the increased concen-
tration of sodium ions. Conversely, in alkaline environment, it fell 
when pH value rose. A bunch of clinical studies have shown that 

dietary sodium restriction has protective effect on the kidney of 
patients with CKD.36- 38 The mechanism of the effect may be as-
sociated with regulation of glomerular filtration and the reduction 
of local activation of renin- angiotensin- aldosterone system. Our 
study indicates that the decrease of urinary sodium excretion after 
restriction of dietary sodium might improve the binding ability of 
UMOD with cFH and inhibit complement activation. However, 
when pH changed, the effect of sodium ions on UMOD- cFH bind-
ing changed conversely. It suggested that the restriction of sodium 
intake might be coordinated with alkalization of urine to maintain 
appropriate urinary pH value and tubular sodium concentration in 
clinical conditions.

On the other hand, UMOD is a highly N- glycosylated protein, with 
sialic acids on the outer part.16 The carbohydrate structures of UMOD 
have different functions, such as binding microbial structure,39 lectin 
structure and extracellular matrix.40,41 The high- mannose side chain 
on UMOD mediates removal of type 1 fimbriated E. coli from urinary 
tract.42 In renal allograft recipients, disturbed glycosylation of UMOD 
was detected and the abnormal glycosylation of UMOD reduced its 
binding capacity to cytokines, and associated with tubular injury.5 
Several evidences suggest that glycans of UMOD are essential for its 
immunosuppressive and cytokine- binding activities.43- 45 Under dena-
tured condition, UMOD lost the ability of binding with cFH, so the 
native status was used to measure the influence of glycans. PNGase 

F I G U R E  6   The binding between UMOD and cFH under different sodium and pH levels. The concentration of UMOD was fixed at 8 μg/
mL. The binding of UMOD with cFH at different concentrations of sodium and pH were presented. A, When pH = 4.2. Sodium concentration 
is at 50, 100, 150, 200 mmol/L. B, When pH = 6.2. Sodium concentration is at 50, 100, 150, 200 mmol/L. C, When pH = 7.4. Sodium 
concentration is at 50, 100, 150, 200 mmo/L. D, When pH = 8.5. Sodium concentration is at 50, 100, 150, 200 mmo/L
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F can partly remove the glycans without selection. The loss of par-
tial N- glycans of UMOD under native condition, led to significant de-
crease of its binding with cFH. Previous studies also have found that 
the C- terminus of cFH is responsible for its binding with sialic acid.18 
The binding can be enhanced by the existence of surface- deposited 
C3b.19,20 Thus, sialic acid may be important for cFH to play the role in 
the context of immune surveillance. We further removed sialic acid on 
UMOD by neuraminidase A specifically. A decreased binding between 
UMOD and cFH was observed, and a lower ability of enhancing C3b 
degradation was also found. In this assay, the fact that no difference 
was identified between the binding strength of filtered and not fil-
tered de- glycosylated UMOD- cFH suggested that the binding status 
was not influenced by PNGase F. Because of the viscosity of UMOD, 
filtering with exclusion chromatography lost a lot of UMOD protein. 
The molecular weight of de- glycosylated UMOD is closer to that of 
neuraminidase; most of the UMOD was lost when separating them 
from mixed samples. We compared the binding of UMOD to cFH when 
they were mixed with or without neuraminidase at room temperature. 
No difference was found between the two groups. Furthermore, the 
binding assay was performed in PBS, and PBS was not the working 
buffer of neuraminidase A and PNGase F, which greatly reduced the 
effect of them.

We also identified that the level of α- 2,3 sialic acids of UMOD 
decreased in patients with CKD when compared with normal indi-
viduals. When CKD develops to four or five stage, patients usually 
suffer from tubular atrophy, renal fibrosis and decline of renal func-
tion, and the correlation between disease progression and primary 
disease is not as strong as early stage.46 Therefore, we did not spe-
cifically distinguish the primary diseases when we included the pa-
tients. This finding indicated that not only level of UMOD but also 
the status of sialic acid on UMOD may be involved in the progression 
of CKD. We only identified decreased α- 2,3 sialic acids, which is the 
type of sialic acids that can be recognized by cFH.47,48

In summary, the binding of UMOD and cFH was regulated by local 
pH, local sodium concentration and sialic acid richness on UMOD. 
Although we detected sialic acid levels in CKD patients, most of our 
experiments were in vitro, more data from human is needed.

ACKNOWLEDG EMENTS
We appreciate the volunteers participated in our study. The project 
is supported by the National Natural Science Foundation of China 
(81570664).

CONFLIC T OF INTERE S T
The authors declare no conflicts of interest.

AUTHOR CONTRIBUTION
Lufeng Bai: Data curation (equal); Investigation (equal); Writing- 
original draft (equal). Qiuyu Xie: Data curation (equal); Investigation 
(equal); Writing- original draft (equal). Min Xia: Investigation (equal). 
Kunjing Gong: Methodology (equal). Na Wang: Methodology (equal). 
Yuqing Chen: Conceptualization (lead); Funding acquisition (lead); 

Project administration (lead); Supervision (lead); Writing- review & 
editing (equal). Ming- hui Zhao: Writing- review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

CONSENT S TATEMENT
The study was approved by the local ethics committee of Peking 
University First Hospital (protocol No. 2017[1280]). All participants 
in this study signed written informed consent forms.

ORCID
Yuqing Chen  https://orcid.org/0000-0001-7857-3106 

R E FE R E N C E S
 1. El- Achkar TM, Wu XR, Rauchman M, McCracken R, Kiefer S, Dagher 

PC. Tamm- Horsfall protein protects the kidney from ischemic in-
jury by decreasing inflammation and altering TLR4 expression. Am J 
Physiol Renal Physiol. 2008;295(2):F534- F544.

 2. Devuyst O, Pattaro C. The UMOD Locus: insights into the patho-
genesis and prognosis of kidney disease. J Am Soc Nephrol. 
2018;29(3):713- 726.

 3. El- Achkar TM, McCracken R, Rauchman M, et al. Tamm- Horsfall 
protein- deficient thick ascending limbs promote injury to neighbor-
ing S3 segments in an MIP- 2- dependent mechanism. Am J Physiol 
Renal Physiol. 2011;300(4):F999- 1007.

 4. Gong K, Xia M, Wang Y, et al. Importance of glycosylation in the 
interaction of Tamm- Horsfall protein with collectin- 11 and acute 
kidney injury. J Cell Mol Med. 2020;24(6):3572- 3581.

 5. Wu TH, Hsieh SC, Li KJ, et al. Altered glycosylation of Tamm- 
Horsfall glycoprotein derived from renal allograft recipients 
leads to changes in its biological function. Transplant Immunol. 
2008;18(3):237- 245.

 6. Rhodes DC. Importance of carbohydrate in the interaction of 
Tamm- Horsfall protein with complement 1q and inhibition of classi-
cal complement activation. Immunol Cell Biol. 2006;84(4):357- 365.

 7. Liu M, Wang Y, Wang F, et al. Interaction of uromodulin and 
complement factor H enhances C3b inactivation. J Cell Mol Med. 
2016;20(10):1821- 1828.

 8. Bachmann S, Koeppen- Hagemann I, Kriz W. Ultrastructural local-
ization of Tamm- Horsfall glycoprotein (THP) in rat kidney as re-
vealed by protein A- gold immunocytochemistry. Histochemistry. 
1985;83(6):531- 538.

 9. Wiggins RC. Uromucoid (Tamm- Horsfall glycoprotein) forms dif-
ferent polymeric arrangements on a filter surface under different 
physicochemical conditions. Clin Chim Acta. 1987;162(3):329- 340.

 10. Köttgen A, Glazer NL, Dehghan A, et al. Multiple loci associated 
with indices of renal function and chronic kidney disease. Nat 
Genet. 2009;41(6):712- 717.

 11. Greger R. Chloride transport in thick ascending limb, distal convolu-
tion, and collecting duct. Ann Rev Physiol. 1988;50(1):111- 122.

 12. Greger R. Ion transport mechanisms in thick ascending limb of Henle's 
loop of mammalian nephron. Physiol Rev. 1985;65(3):760- 797.

 13. Lieberthal W, Nigam SK. Acute renal failure. I. Relative importance 
of proximal vs. distal tubular injury. Am J Physiol. 1998;275(5):F623
- F631.

 14. Heyman SN, Shina A, Brezis M, Rosen S. Proximal tubular injury 
attenuates outer medullary hypoxic damage: studies in perfused rat 
kidneys. Nephron Experimental Nephrology. 2002;10(4):259- 266.

https://orcid.org/0000-0001-7857-3106
https://orcid.org/0000-0001-7857-3106


     |  4325BAI et Al.

 15. Heyman SN, Rosenberger C, Rosen S. Experimental ischemia- 
reperfusion: biases and myths- the proximal vs. distal hypoxic tubu-
lar injury debate revisited. Kidney Int. 2010;77(1):9- 16.

 16. van Rooijen JJ, Voskamp AF, Kamerling JP, Vliegenthart JF. 
Glycosylation sites and site- specific glycosylation in human Tamm- 
Horsfall glycoprotein. Glycobiology. 1999;9(1):21- 30.

 17. Blackmore TK, Hellwage J, Sadlon TA, et al. Identification of the 
second heparin- binding domain in human complement factor H. J 
immunol. 1998;160(7):3342- 3348.

 18. Ram S, Sharma AK, Simpson SD, et al. A novel sialic acid binding 
site on factor h mediates serum resistance of sialylated Neisseria 
gonorrhoeae. J Exp Med. 1998;187(5):743- 752.

 19. Fearon DT. Regulation by membrane sialic acid of beta1H- 
dependent decay- dissociation of amplification C3 convertase 
of the alternative complement pathway. Proc Natl Acad Sci USA. 
1978;75(4):1971- 1975.

 20. Pangburn MK, Müller- Eberhard HJ. Complement C3 convertase: 
cell surface restriction of beta1H control and generation of re-
striction on neuraminidase- treated cells. Proc Natl Acad Sci USA. 
1978;75(5):2416- 2420.

 21. Serafini- Cessi F, Bellabarba G, Malagolini N, Dall'Olio F. Rapid isola-
tion of Tamm- Horsfall glycoprotein (uromodulin) from human urine. 
J Immunol Methods. 1989;120(2):185- 189.

 22. Wang FM, Yu F, Zhao MH. A method of purifying intact complement 
factor H from human plasma. Protein Exp Purif. 2013;91(2):105- 111.

 23. Chutipongtanate S, Thongboonkerd V. Systematic comparisons of 
artificial urine formulas for in vitro cellular study. Anal Biochem. 
2010;402(1):110- 112.

 24. Meri S, Pangburn MK. Discrimination between activators and non-
activators of the alternative pathway of complement: regulation via 
a sialic acid/polyanion binding site on factor H. Proc Natl Acad Sci 
USA. 1990;87(10):3982- 3986.

 25. Rhodes DCJ. Human Tamm- Horsfall protein, a renal specific pro-
tein, serves as a cofactor in complement 3b degradation. PLoS One. 
2017;12(7):e0181857.

 26. Bettoni S, Bresin E, Remuzzi G, Noris M, Donadelli R. Insights into 
the effects of complement factor H on the assembly and decay of 
the alternative pathway C3 proconvertase and C3 convertase. J Biol 
Chem. 2016;291(15):8214- 8230.

 27. Sim E, Wood AB, Hsiung LM, Sim RB. Pattern of degradation of 
human complement fragment, C3b. FEBS Lett. 1981;132(1):55- 60.

 28. Parente R, Clark SJ, Inforzato A, Day AJ. Complement fac-
tor H in host defense and immune evasion. Cell Mol Life Sci. 
2017;74(9):1605- 1624.

 29. Renner B, Ferreira VP, Cortes C, et al. Binding of factor H to tubular 
epithelial cells limits interstitial complement activation in ischemic 
injury. Kidney Int. 2011;80(2):165- 173.

 30. Wen L, Zhao Z, Wang Z, Xiao J, Birn H, Gregersen JW. High levels 
of urinary complement proteins are associated with chronic renal 
damage and proximal tubule dysfunction in immunoglobulin A ne-
phropathy. Nephrology. 2019;24(7):703- 710.

 31. Brown KM, Sacks SH, Sheerin NS. Mechanisms of disease: the com-
plement system in renal injury– new ways of looking at an old foe. 
Nat Clin Pract Nephrol. 2007;3(5):277- 286.

 32. Morita Y, Ikeguchi H, Nakamura J, Hotta N, Yuzawa Y, Matsuo S. 
Complement activation products in the urine from proteinuric pa-
tients. J Am Soc Nephrol. 2000;11(4):700- 707.

 33. Sheerin NS, Risley P, Abe K, et al. Synthesis of complement pro-
tein C3 in the kidney is an important mediator of local tissue injury. 
FASEB J. 2008;22(4):1065- 1072.

 34. Peake PW, Pussell BA, Mackinnon B, Charlesworth JA. The effect of 
pH and nucleophiles on complement activation by human proximal 
tubular epithelial cells. Nephrol Dial Transplant. 2002;17(5):745- 752.

 35. de Brito- Ashurst I, Varagunam M, Raftery MJ, Yaqoob MM. 
Bicarbonate supplementation slows progression of CKD and im-
proves nutritional status. J Am Soc Nephrol. 2009;20(9):2075- 2084.

 36. McMahon EJ, Bauer JD, Hawley CM, et al. A randomized 
trial of dietary sodium restriction in CKD. J Am Soc Nephrol. 
2013;24(12):2096- 2103.

 37. Campbell KL, Johnson DW, Bauer JD, et al. A randomized trial of 
sodium- restriction on kidney function, fluid volume and adipokines 
in CKD patients. BMC Nephrol. 2014;15:57.

 38. Ookawara S, Kaku Y, Ito K, et al. Effects of dietary intake and nutri-
tional status on cerebral oxygenation in patients with chronic kid-
ney disease not undergoing dialysis: a cross- sectional study. PLoS 
One. 2019;14(10):e0223605.

 39. Lambert C, Brealey R, Steele J, Rook GA. The interaction of 
Tamm- Horsfall protein with the extracellular matrix. Immunology. 
1993;79(2):203- 210.

 40. Serafini- Cessi F, Franceschi C, Sperti S. Specific interaction 
of human Tamm- Horsfall gylcoprotein with leucoagglutinin, 
a lectin from Phaseolus vulgaris (red kidney bean). Biochem J. 
1979;183(2):381- 388.

 41. Abbondanza A, Franceschi C, Licastro F, Serafini- Cessi F. Properties 
of a glycopeptide isolated from human Tamm- Horsfall glycoprotein. 
Interaction with leucoagglutinin and anti- (human Tamm- Horsfall 
glycoprotein) antibodies. Biochem J. 1980;187(2):525- 528.

 42. Pak J, Pu Y, Zhang ZT, Hasty DL, Wu XR. Tamm- Horsfall pro-
tein binds to type 1 fimbriated Escherichia coli and prevents E 
coli from binding to uroplakin Ia and Ib receptors. J Biol Chem. 
2001;276(13):9924- 9930.

 43. Muchmore AV, Shifrin S, Decker JM. In vitro evidence that carbo-
hydrate moieties derived from uromodulin, an 85,000 dalton immu-
nosuppressive glycoprotein isolated from human pregnancy urine, 
are immunosuppressive in the absence of intact protein. J Immunol. 
1987;138(8):2547- 2553.

 44. Sherblom AP, Decker JM, Muchmore AV. The lectin- like interaction 
between recombinant tumor necrosis factor and uromodulin. J Biol 
Chem. 1988;263(11):5418- 5424.

 45. Sherblom AP, Sathyamoorthy N, Decker JM, Muchmore AV. IL- 2, a 
lectin with specificity for high mannose glycopeptides. J Immunol. 
1989;143(3):939- 944.

 46. Webster AC, Nagler EV, Morton RL, Masson P. Chronic kidney dis-
ease. Lancet. 2017;389(10075):1238- 1252.

 47. Blaum BS, Hannan JP, Herbert AP, Kavanagh D, Uhrín D, Stehle T. 
Structural basis for sialic acid– mediated self- recognition by comple-
ment factor H. Nat Chem Biol. 2015;11(1):77- 82.

 48. Schmidt CQ, Hipgrave Ederveen AL, Harder MJ, Wuhrer M, Stehle 
T, Blaum BS. Biophysical analysis of sialic acid recognition by the 
complement regulator factor H. Glycobiology. 2018;28(10):765- 773.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Bai L, Xie Q, Xia M, et al. The 
importance of sialic acid, pH and ion concentration on the 
interaction of uromodulin and complement factor H. J Cell Mol 
Med. 2021;25:4316– 4325. https://doi.org/10.1111/
jcmm.16492

https://doi.org/10.1111/jcmm.16492
https://doi.org/10.1111/jcmm.16492

