
 S-1 
 

 
Development of a colorimetric D-ketoglutarate detection assay for prolyl hydroxylase 

domain (PHD) proteins 
 
 

Samantha J. Wong1, Alison E. Ringel1, William Yuan2, Joao A Paulo1, Haejin Yoon1, Mark A. 
Currie1,3, Marcia C. Haigis1* 

 
1Department of Cell Biology, Blavatnik Institute, Harvard Medical School, Boston, 

Massachusetts 
 

2Department of Biomedical Informatics, Harvard Medical School, Boston, Massachusetts. 
 

3Department of Biology, University of Toronto Mississauga, Mississauga, Ontario, Canada; 
Department of Cell & Systems Biology, University of Toronto, Toronto, Ontario, Canada. 

 
 

*Corresponding author: Marcia C. Haigis 
 

E-mail: marcia_haigis@hms.harvard.edu 
 
 

Running title: A colorimetric D-ketoglutarate detection assay using 2,4-dinitrophenylhydrazine 
 

Keywords: prolyl hydroxylase, in vitro hydroxylation, D -ketoglutarate-dependent dioxygenases, 
high throughput assay, enzyme kinetics, 2,4-dinitrophenylhydrazine 

 
 
 
 
 
List of Supplementary Figures 
 
6XSSOHPHQWDU\ )LJXUH 61««««««««««.««««««..««««««6-2 
6XSSOHPHQWDU\ )LJXUH 62««««««««««.««««««..««««««6-3 
6XSSOHPHQWDU\ )LJXUH 63««««««««««.««««««..««««««6-4 
6XSSOHPHQWDU\ )LJXUH 64««««««««««.««««««..««««««6-5 
6XSSOHPHQWDU\ )LJXUH 65««««««««««.««««««..««««««6-8 
6XSSOHPHQWDU\ )LJXUH 66««««««««««.««««««..««««««6-10 
Supplementary Figure S7««««««««««.««««««..««««««6-11 
 
 
 
 
 
 



���� ���� ���	 ���� �
�� �
�	 ���� ����
�

�������

�������

�������

��������

��������

��������

��	�����

���� ���	 ���� ���� �
�� �
�	 ���� ����
�

��������

��������

��������

a

c e
2,4-DNPH (mM)

+ NaOH

Compound Expected m/z

2,4-DNPH 198.0

324.1_-KG 2,4-DNP
-hydrazone

�

��� ��� ���
����

����

����

����

����

0

36
0 

nm

1 10 20 30 40 50

0 mM
1 mM
10 mM
20 mM
30 mM
40 mM
50 mM

20
0

40
0

60
0

0.0
0.1
0.2
0.3
0.4

0 0.
00

1
0.

05
0.

1
0.

5 1 10
_-KG (mM)

+ 2,4-
DNPH

�

��� ��� 
��
���

���

���

���

���

��	

�
�������������

�
��
��
�

��
�

0.0
0.1
0.2
0.3
0.4
0.5

37
0 

nm 0 mM
0.001 mM
0.05 mM
0.1 mM
0.5 mM
1 mM
10 mM

A
bs

or
ba

nc
e

A
bs

or
ba

nc
e

Wavelength / nm

2,4-DNPH (mM)

0 1 10 20 30 40 50

�

��� ��� 	��
���

���

���

���

���

���

- N
aO

H

+ 
Na

O
H

0 mM
1 mM
10 mM
20 mM
30 mM
40 mM
50 mM
No NaOH

�

��� ��� 	��
���

���

���

���

���

���

0 mM
0.001 mM
0.05 mM
0.1 mM
0.5 mM
1 mM
10 mM
No NaOH

- N
aO

H
+ 

Na
O

H

15
.6

15
.8

16
.0

16
.2

19
.6

19
.8

20
.0

20
.2

0 0
0.25 x 107

0.50 x 107

0.75 x 107

1.00 x 107

1.25 x 107

1.50 x 107

1.75 x 107

2.0 x 107

4.0 x 107

6.0 x 107

Io
n 

co
un

ts

Io
n 

co
un

ts

Time / mins

0 uM 2,4-DNPH
5 uM 2,4-DNPH
10 uM 2,4-DNPH
25 uM 2,4-DNPH

0 uM 2,4-DNPH
5 uM 2,4-DNPH
10 uM 2,4-DNPH
25 uM 2,4-DNPH

+ 5 mM 
_-KG

14
.4

14
.6

14
.8

15
.0

19
.6

19
.8

20
.0

20
.2

Time / mins

0 uM _-KG
100 uM _-KG
500 uM _-KG
1000 uM _-KG

0 uM _-KG
100 uM _-KG
500 uM _-KG
1000 uM _-KG

+ 50 mM 
2,4-DNPH

b

d f

Actual m/z

197.0

325.0

Compound Expected m/z

_-KG 146.0

324.1_-KG 2,4-DNP
-hydrazone

Actual m/z

145.0

325.0

20
0

40
0

60
0

Wavelength / nm

20
0

40
0

60
0

Wavelength / nm

0.0
0.1
0.2
0.3
0.4
0.5

A
bs

or
ba

nc
e

20
0

40
0

60
0

Wavelength / nm

0.0
0.1
0.2
0.3
0.4
0.5

A
bs

or
ba

nc
e

Supplementary Figure S1 
(a) Ion counts detected by metabolic liquid chromatography-mass spectrometry of increasing 
2,4-DNPH alone and increasing 2,4-DNPH in the presence of 5 mM _-ketoglutarate. (b) Ion counts 
detected by metabolic liquid chromatography-mass spectrometry of increasing _-ketoglutarate alone 
and increasing _-ketoglutarate in the presence of 50 mM 2,4-DNPH. (c) Wavelength absorption of 
increasing 2,4-DNPH concentrations. Panel of wells above graph shows a representative color gradi-
ent of increasing 2,4-DNPH concentrations. (d) Wavelength absorption of increasing _-ketoglutarate 
concentration in the presence of 50 mM 2,4-DNPH. Panel of wells above graph shows a representa-
tive color gradient of increasing _-ketoglutarate in the presence of 50 mM 2,4-DNPH. (e) Wavelength 
absorption of increasing 2,4-DNPH concentrations in the presence of 2 M NaOH. Panel of wells 
above graph shows a representative change in color gradient of increasing 2,4-DNPH concentrations 
before (top) and after (bottom) addition of 2 M NaOH to the panel of wells in S1c. (f) Wavelength 
absorption of increasing _-ketoglutarate 2,4-DNP-hydrazone in the presence of 2 M NaOH. _-KG, 
_-ketoglutarate; 2,4-DNPH, 2,4-dinitrophenylhydrazine; NaOH, sodium hydroxide. 
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Supplementary Figure S2 
(a) Molar ratio of 2,4-DNPH needed to fully react with 1 mM of _-ketoglutarate, verified by 
metabolite liquid chromatography coupled with mass spectrometry (n.s. with two-tailed T-test, 
p<0.05, n=2). (b) Signal stability of increasing _-ketoglutarate 2,4-DNP-hydrazone in 2 M 
NaOH (n.s. with Student’s T-test, p<0.05, n=3). _-KG, _-ketoglutarate; 2,4-DNPH, 2,4-dinitro-
phenylhydrazine; NaOH, sodium hydroxide. 
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Supplementary Figure S3 
(a) Oxidative stress generated during the hydroxylation reaction by PHD3 was simulated using 
a physiological concentration of 25 mM of H2O2, which would form dehydroascorbic acid (that 
contains carbonyls) that reacts with 2,4-DNPH. Common reducing agents such as L-cysteine, 
glutathione (GSH), dithiothreitol (DTT), and tris(2-carboxyethyl)phosphine (TCEP) was added 
in in increasing concentrations to assess their respective abilities to relieve the oxidative stress 
generated by the reaction that would oxidize ascorbic acid (Student’s T-test, ***p<0.001, n=3).

Samantha J L Wong
S-4



���� ������� ���������� ������� ��
��	
��
�����	

�����

����	

�����

����	

�����

PHD2 kinetic controls

3 
+M

No
 P

HD
2

No
 p

ep
tid

e
HI

F-
1_

 (P
56

4A
)

No
 _

-K
G

R
at

e 
(m

M
 m

in
-1
)

0.000

-0.005

0.005

0.010

0.015

0.020
a b TMT: Adjusted Intensities

0

500000

1000000

1500000

2000000

3 
+M

No
 P

HD
2

No
 p

ep
tid

e
No

 _
-K

G

D L D L E M L A P# Y I P M* D D D F Q L
b1

y2y3y4y5y6y7y8y9y10y11y12y13y14y15y16y17y18

b2 b3 b4 b5 b6 b7 b8 b9 b10b11b12 b13 b14 b15 b16 b17

Hydroxylated HIF-1_ P564 peptide
y1

b18

10

0

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
ab

un
da

nc
e

0 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

y2

y3 y7

y8

y11 y12

b1

b2

b3

b4

b5

b6

b7

b8

b9

b10

b11

m/z

c

Samantha J L Wong
S-5



� � �� �� �� ��
����

����

����

����

� � �� �� �� ��
����

����

����

����

� � �� �� �� ��
����

����

����

����

����

� � �� �� �� ��
�����

�����

�����

�����

�����

�����

� �� �� �� ��

������

������

�����

�����

�����

� � �� �� �� ��
����

����

����

���� 100 +M

� � �� �� �� ��
����

����

����

����

����

� � �� �� �� ��
����

����

����

����

����

����

� � �� �� �� ��
�����

�����

�����

�����

�����

� � �� �� �� ��
�����

�����

�����

�����

�����

�����

0 +M

0.000
0.005
0.010
0.015
0.020
0.025

_
-K

G
 c

on
su

m
ed

 (m
M

)

5 10 15 20 25

Time / mins

Rate = 
0.0002907 mM / min

1 +M

Time / mins

_
-K

G
 c

on
su

m
ed

 (m
M

)

Rate = 
0.001952 mM / min

10 +M

Time / mins

0.00
0.01
0.02
0.03
0.04
0.05

_
-K

G
 c

on
su

m
ed

 (m
M

)

50 +M

Time / mins

0.02

0.04

0.06

0.08

0.00_
-K

G
 c

on
su

m
ed

 (m
M

)

Time / mins

_
-K

G
 c

on
su

m
ed

 (m
M

)

d

Rate = 
0.01286 mM / min

Rate = 
0.01343mM / min

Rate = 
0.01000 mM / min

Representative steady state kinetic plots for PHD2 HIF-1_ peptide titrations

0 5 10 15 20 250

0.000
0.005
0.010
0.015
0.020

5 10 15 20 250

5 10 15 20 250

0.02

0.04

0.06

0.00

5 10 15 20 250

100 +M

0 +M

-0.010

-0.005

0.000

0.005

0.010

_
-K

G
 c

on
su

m
ed

 (m
M

)

5 10 15 20 25

Time / mins

Rate = 
-0.0001679 mM / min

1 +M

Time / mins

_
-K

G
 c

on
su

m
ed

 (m
M

)

Rate = 
0.001143 mM / min

10 +M

Time / mins

0.00

0.01

0.02

0.03

0.04

_
-K

G
 c

on
su

m
ed

 (m
M

)

50 +M

Time / mins

0.02

0.04

0.06

0.00_
-K

G
 c

on
su

m
ed

 (m
M

)

Time / mins

_
-K

G
 c

on
su

m
ed

 (m
M

)

e

Rate = 
0.006571 mM / min

Rate = 
0.008428 mM / min

Rate = 
0.01314 mM / min

Representative steady state kinetic plots for PHD2 HIF-1_ peptide _-KG titrations

5 10 15 20 250

0.000
0.002
0.004
0.006
0.008
0.010

5 10 15 20 250

5 10 15 20 250

0.05

0.10

0.15

0.00

5 10 15 20 250

Samantha J L Wong
S-6



Supplementary Figure S4 
(a) Increasing concentrations of PHD2 were added to 100 µM P564 peptide and 0.5 mM _-ketogluta-
rate. For all negative controls, 0.5 mM _-ketoglutarate, 100 µM P564 peptide and 3 µM of PHD2 were 
used unless otherwise indicated. (b) Tandem Mass Tag (TMT) reporter ion signal of hydroxylated 
HIF-1_ P564 peptide from complete reaction and negative controls. (c) Representative mass spectra 
of hydroxylated HIF-1_ peptides. (Top panel) Detected peptide fragments, with high intensity species 
labelled. “b” fragments (blue) are N-terminal amino acid fragments of the peptide, and “y” fragments 
(red) are C-terminal amino acid fragments of the peptide. (Bottom panel) The tabulated numbers 
denote measured fragment masses. Reactions were set up in an identical manner to (a), with the 
exception of 250 µM of peptide, to generate the TMT signals and mass spectra (#: hydroxylation, *: 
oxidation). (d) Representative time course kinetic data for various concentrations of P564 peptide and 
PHD2. Increasing concentrations of HIF-1_ peptide (P564) added to saturating concentrations of all 
other reagents. (e) Representative time course kinetic data for various concentrations of _-ketogluta-
rate. Increasing concentrations of _-ketoglutarate were added to saturating concentrations of all other 
reagents, 100 µM peptide substrate and 3 µM of PHD2.
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Supplementary Figure S5
(a) Representative time course kinetic data for various concentrations of P564 peptide and PHD3. 
Increasing concentrations of HIF-1_ peptide (P564) added to saturating concentrations of all other 
reagents. (b) Representative time course kinetic data for various concentrations of _-ketoglutarate. 
Increasing concentrations of _-ketoglutarate were added to saturating concentrations of all other 
reagents, 100 µM peptide substrate and 10 µM of PHD3.
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Supplementary Figure S6
(a) Representative time course kinetic data for various concentrations of P450 peptide and PHD3. 

Increasing concentrations of ACC2 peptide (P450) were added to saturating concentrations of all 

other reagents and 10 µM of PHD3. (b) Representative mass spectra of hydroxylated and 

non-hydroxylated ACC2 P450 peptides. The tabulated numbers denote the peptide masses 

detected. “b” fragments (blue) are N-terminal amino acid fragments of the peptide, and “y” fragments 

(red) are C-terminal amino acid fragments of the peptide. 250 µM of peptide was incubated with (left 

panel) and without (right panel) 10 µM PHD3 to generate the mass spectra above.
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Representative steady state kinetic plots for PHD3 ACC2 peptide titrations
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Supplementary Figure S7
(a) Increasing concentrations of GDH were added to 5 mM L-glutamate and 2.5 mM NAD+. For all 
negative controls, 5 mM L-glutamate, 2.5 mM NAD+ and 5 µM GDH were used unless otherwise 
indicated. (b) Qualitative observation of the time course experiments used to generate part (a). 
Plotted data represent 3 independent replicates. GDH, Glutamate Dehydrogenase; NAD+, nicotin-
amide adenine dinucleotide.
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