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roles in blood coagulation, bone metabolism, and

other physiologic processes. These proteins under-
go a specific post-translational modification called
gamma (y)-carboxylation which is critical to their biologic
function.! The reaction, which occurs in the endoplasmic
reticulum (ER) and requires reduced vitamin K, carbon
dioxide and oxygen as co-factors, is catalyzed by y-glu-
tamy! carboxylase (GGCX). GGCX converts several glu-
tamic acid residues (Glu) on its protein substrate [e.g. pro-
thrombin, FVII, FIX, EX, PC, PS, PZ, and bone Gla protein
(BGP)] to y-carboxy-glutamic acid, otherwise known as
Gla.* How does this enzyme pick its protein substrate and
modify specific glutamic acid residues¢ In work spanning
over 30 years, researchers identified a critical sequence
called the propeptide region that is N-terminal to the
mature protein (Figure 1). GGCX binds the propeptide
and directs carboxylation of 9-13 Glu residues on the so-
called Gla domain in a processive fashion.” The signal
sequence and propeptide region are removed by pepti-
dases prior to secretion of the mature VKD protein
(Figure 1). For the VKD coagulation factors, the enhanced
net negative charge following carboxylation in the Gla
domain allows for high affinity divalent metal ion bind-
ing.® This changes the structural conformation of the Gla
domain which facilitates binding to anionic phospho-
lipids and localizes these proteins to the site of vascular
injury.®* Defects of VKD protein carboxylation cause
bleeding disorders, and inhibition of this pathway is the
basis of warfarin anticoagulation.’

Acquiring mechanistic information about GGCX and
deciphering how the propeptide influences carboxylation
has been challenging. Since GGCX is an integral membrane
ER protein (Figure 1), extracting it in a functional state is dif-
ficult and requires artificial conditions to study it. Early
work used crude microsomal extracts or detergent-solubi-
lized liver microsomes following warfarin treatment or
vitamin K-deficient animals which contained the enzyme
and small amounts of endogenous protein substrate (e.g.
prothrombin).! Advancements to this system incorporated
artificial peptide substrates for GGCX such as FLEEL
(residues 5-9 of rat prothrombin).” In the late 1980s, it was

Vitamin K-dependent (VKD) proteins play critical

recognized that the propeptide sequence is critical for VKD
protein carboxylation.® This insight led to the development
of GGCX substrates that contained a propeptide sequence
and portions of the Gla domain which are superior when
compared to FLEEL alone.® These and other substrates
have been used to demonstrate the importance of propep-
tide affinity in substrate recognition using either crude
preparations or purified forms of GGCX and increased our
understanding about the enzyme.’ Further insights into the
importance of the propeptide came from studies using
mutant peptides and identification of naturally occurring
mutations in the propeptide region of FIX."""! However, this
knowledge about the function of GGCX was obtained out-
side of its natural environment under artificial conditions.
To better understand VKD carboxylation in its native
milieu, Tie and Stafford developed a cell-based reporter
assay to study y-carboxylation and the entire VKD cycle.”
In this system, a chimeric reporter-protein, FIXgla-PC is
used, in which the PC backbone was replaced at the N-ter-
minus with the FIX Gla domain.” This allowed for an
ELISA-based quantification of carboxylated reporter pro-
tein using a capture antibody that recognizes only a fully
carboxylated FIX Gla domain and an antibody against PC.
The advantage of the system is that it allows for functional
assessment of the VKD cycle enzymes, including GGCX, in
an environment that requires the enzymes to interact with
their physiologic substrates, a departure from systems pre-
viously employed.

In this issue of Haematologica, Hao et al. use this cell-
based assay to study the role of the propeptide in directing
carboxylation of VKD proteins." Previous studies indicate
that the propeptide region of VKD coagulation factors
show considerable variation in their affinities for GGCX
with FX, FIX and PC showing high (K; ~1 nM), intermedi-
ate (Ky ~5 nM), and low affinity (K, ~20 nM), respectively
(Figure 1).” It is thought that these disparate affinities con-
tribute to the heterogeneity in carboxylation in mammalian
expression systems. Furthermore, it is thought that there is
likely an optimal propeptide affinity that best directs car-
boxylation. To better understand how GGCX interacts
with its protein substrates via propeptide binding in its nat-
ural environment, the authors created a series of chimeric
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Figure 1. Carboxylation of vitamin K-dependent proteins by y-carboxylase. The endoplasmic reticulum (ER) membrane-associated gamma-glutamyl carboxylase
(GGCX) modifies glutamic acid (red) to gamma-carboxy-glutamatic acid (Gla, blue) within the Gla domain. GGCX recognizes and binds the substrate via the propeptide
region (red helix) in a processive fashion. The affinity of the GGCX-propeptide complex determines relative efficiency of carboxylation as follows: 1) high affinity
propeptides (K, ~1 nM) result in significant uncarboxylated protein; 2) low affinity propeptides (K, ~20 nM) are associated with moderate to normal carboxylated pro-
tein; and 3) optimal affinity propeptides (K, ~5 nM) produce efficiently carboxylated protein. Glu: glutamic acid residues; FIX: factor IX; PTM: post-translational mod-

ification; C-term: C-terminus.

proteins in their cell-based assay. Propeptide sequences
having a broad range of affinities for GGCX derived from
EX, FIX, PC, and BPG were attached individually to the
FIXgla-PC chimeric reporter. Hao et al. found that the FIX
propeptide was the most efficient at directing carboxylation
while the high affinity propeptide from FX and the low
affinity propeptides from PC and BGP had reduced efficien-
cy.” The data show that the FIX propeptide is optimal for
both binding GGCX and releasing once the protein is car-
boxylated. These results differ when using synthetic
propeptides, FLEEL and purified GGCX,’ highlighting the
importance of the cell-based system. Interestingly, the BGP
propeptide, known to have a low affinity for GGCX, did
not direct carboxylation of the reporter protein harboring
the FIX Gla domain, but did direct carboxylation if the BGP
Gla domain was used. This suggests that other determi-
nants within BGP are needed for carboxylation of this pro-
tein. Enhancing the affinity of BGP propeptide for GGCX
by mutating the -6 and -10 position rescued carboxylation
of the chimeric reporter. The picture with the FX propep-
tide appeared to be different. This propeptide binds very
tightly to GGCX and attempts to weaken the binding by
mutation at the -6 and -10 position were unsuccessful.
However, further changes to the propeptide revealed that
the entire N-terminal portion of the propeptide determines

carboxylation efficiency of VKD coagulation factors.
Additional detailed investigation centered on known
propeptide mutations. FIX mutations (-9 and -10 in the
propeptide), for example, are known to cause warfarin
hypersensitivity; a situation in which active FIX levels drop
to <1% during anticoagulation therapy while the activity of
other clotting factors is decreased to 30-40%." The authors
show that, in the cell-based system, these FIX mutant pro-
teins were indeed hypersensitive to warfarin. Again, these
data highlight the power of using the cell-based system to
gain information about clinically relevant mutations.

The cell-based functional study presented by Hao er al.*
provides further insights into GGCX function and the role
of the propeptide during carboxylation in its natural envi-
ronment. The findings are consistent with prior studies
using purified GGCX and propeptide/FLEEL as a substrate.
However, the work is nonetheless significant as it nicely
shows that structure/function relationships about the
propeptide and new insights about mutations in this region
can be obtained. The finding that the FIX propeptide is opti-
mal for efficient carboxylation should provide the frame-
work to further understand the structural elements that
mediate substrate recognition by GGCX and in the produc-
tion of VKD coagulation factors. The work is also impor-
tant as it highlights the power and utility of the cell-based
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system to study GGCX and the entire vitamin K cycle. In
fact, this group recently used this assay in a high-through-
put capacity to screen small molecules that impact the vita-
min K cycle, an exercise that would be not possible using
prior approaches.” In summary, this elegant report con-
firms the critical role that the propeptide region plays in car-
boxylation of VKD proteins and highlights the utility of a
novel cell-based assay that enables researchers to study
membrane-associated enzymes in their natural, home envi-
ronment.

Acknowledgments
FA is supported by Grant T32 H107971 from NHLBL

References

1. TieJ-K, Stafford D. Functional study of the vitamin K cycle enzymes
in live cells. Methods in Enzymol. Methods Enzymol. 2017;584:349-
394.

2. Furie B, Furie BC. Molecular basis of vitamin K-dependent gamma-
carboxylation. Blood. 1990;75(9):1753-1762.

3. Sunnerhagen M, Forsén S, Hoffrén A-M, Drakenberg T, Teleman O,
Stenflo J. Structure of the Ca 2+-free Gla domain sheds light on
membrane binding of blood coagulation proteins. Nat Struct Mol
Biol. 1995;2(6):504-509.

4. Huang M, Rigby AC, Morelli X, et al. Structural basis of membrane
binding by Gla domains of vitamin K-dependent proteins. Nat
Struct Mol Biol. 2003;10(9):751-756.

5. Suttie J, Hageman J. Vitamin K-dependent carboxylase.
Development of a peptide substrate. J Biol Chem. 1976;251(18):
5827-5830.

6. Jorgensen MJ, Cantor AB, Furie BC, Brown CL, Shoemaker CB, Furie

10.

11.

12.

13.

14.

15.

16.

B. Recognition site directing vitamin K-dependent gamma-carboxy-
lation resides on the propeptide of factor IX. Cell. 1987;48(2):185-
191.

. Hubbard BR, Ulrich MM, Jacobs M, et al. Vitamin K-dependent car-

boxylase: affinity purification from bovine liver by using a synthetic
propeptide containing the gamma-carboxylation recognition site.
Proc Natl Acad Sci U S A. 1989;86(18):6893-6897.

. Wu'S, Soute B, Vermeer C, Stafford D. In vitro gamma-carboxylation

of a 59-residue recombinant peptide including the propeptide and
the gamma-carboxyglutamic acid domain of coagulation factor IX.
Effect of mutations near the propeptide cleavage site. ] Biol Chem.
1990;265(22):13124-13129.

. Wu SM, Morris DP, Stafford DW. Identification and purification to

near homogeneity of the vitamin K-dependent carboxylase. Proc
Natl Acad Sci U S A. 1991;88(6):2236-2240.

Chu K, Wu S-M, Stanley T, Stafford DW, High KA. A mutation in
the propeptide of factor IX leads to warfarin sensitivity by a novel
mechanism. ] Clin Invest. 1996;98(7):1619-1625.

Stanley TB, Wu S-M, Houben R], Mutucumarana VP, Stafford DW.
Role of the propeptide and y-glutamic acid domain of factor IX for in
vitro carboxylation by the vitamin K-dependent carboxylase.
Biochemistry. 1998;57(38):13262-13268.

Tie J-K, Jin D-Y, Straight DL, Stafford DW. Functional study of the
vitamin K cycle in mammalian cells. Blood. 2011;117(10):2967-2974.
Yan SCB, Razzano P, Chao YB, et al. Characterization and novel
purification of recombinant human protein C from three mam-
malian cell lines. Nat Biotech. 1990;8:655-661.

Hao Z, Jin DY, Stafford DW, Tie JK. Vitamin K-dependent carboxy-
lation of coagulation factors: insights from a cell-based functional
study Haematologica. 2020;105(8):2164-2173.

Higgins-Gruber SL, Mutucumarana VP, Lin P-J, Jorgenson JW,
Stafford DW, Straight DL. Effect of vitamin K-dependent protein
precursor propeptide, vitamin K hydroquinone, and glutamate sub-
strate binding on the structure and function of y-glutamyl carboxy-
lase. ] Biol Chem. 2010;285(41):31502-31508.

Chen X, Li C, Jin D, et al. A cell-based high-throughput screen iden-
tifies drugs that cause bleeding disorders by off-targeting the vitamin
K cycle. Blood. 2020 May 6. [Epub Ahead of print].



