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Abstract

It has long been known that ascorbate is necedsatlye human diet for the proper
formation of collagen. Without ascorbate, the emayprolyl-4-hydroxylase becomes inactivated
and is no longer able to form the 4-hydroxyproliresidues needed for stable collagen.
However, the exact mechanism of inactivation hamareed unknown. Using a P4H from
PBCV-1, it was possible to determine enzymaticratons with ascorbate. The results of this
study demonstrate that ascorbate is able to relottesingly and doubly oxidized iron species.
By a one electron reaction, ascorbate reducesiwive P4H- Fe(lll) complex that forms by the
adventitious oxidation of P4H-Fe(ll). Alternatiyelascorbate can reduce the P4H-Fe(lV)
intermediate. Presumably, the P4H-Fe(lV) is redumetwo single electron reduction reactions
to P4H-Fe(lll) then P4H-Fe(ll). The reduction afHPFe(lV) is of particular significance
because P4H self-hydroxylation can occur when rustsate is present, a process called the
“untriggered” reaction. By reducing the extremedactive P4H-Fe(IV) intermediate that may
form during the untriggered reaction, ascorbatabie to prevent enzymatic self hydroxylation
and therefore inactivation.

This study also sought to elucidate binding inteoas between ascorbateKG, and

P4H. It was shown that ascorbate aKd directly compete with each other for bindingéH.
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Introduction

Post-translational modifications of proteins arechamisms by which cells can expand

their repertoire of protein building blocks beyotie 20 amino acid

incorporated by the ribosome. The effects of thet{iranslational HN OH

modifications can be categorized into two majorugia signaling and
OH

functional changes. The hydroxylation of prolind, @iving 4R)-
Figure 1

hydroxyproline (Hyp) (Figure 1), can serve as apdnant example| 4(R)-hydroxyproline

because it can be classified into both of thesegoaites depending on the context.

The signaling functionality of proline C4 hydroxgtan has been linked primarily to
cellular oxygen sensing in metazoans, including &msn(1). The enzymes involved, prolyl
hydroxylase domains (PHDs), require oxygen forrthgdroxylation chemistry. An important
member of this class is PHD2. When oxygen is mtegeHD2 catalyzes the hydroxylation of
proline residues 402 and 564 in thesubunit of thehuman transcription factor, hypoxia-
inducible factor 1 (HIF-1). The hydroxylation dfese residues causes Hlikib be degraded by
the proteasome after marking by the ubiquinatiathyay. However, if oxygen levels are low,
PHD2 can no longer function optimally. UnmodifiedF-1a is not degraded by the cell. It can
bind to its partner subunit, HIF- and the co-activator, p300. Binding of this coexpto the
hypoxia responsive element (HRE) site on DNA resultaltered gene expression that allows the
cell to respond to the low oxygen environment (Dne of the effects of HIFelactivation,
angiogenesis, is of particular interest for canmesearch. It has been shown that tumors require
the increased formation of blood vessels to sufipdyneeded amount of oxygen and nutrients
(4). Therefore, there has been focus on detergimathways that may inhibit HIFal

activation, such as PHD?2.



In contrast to the recent developments on the @bleydroxylation of specific proline
residues at C4 in cellular signaling, the importan€ hydroxyproline to the functional stability
in collagen has long been known. Collagen is @actiral protein that takes the shape of a long
triple helix. The individual peptide chains hawpeating glycine-x-y units, where y is often
Hyp. In the case of collagen, the proline is cotec to Hyp by prolyl-4-hydroxylase (P4H).
Hyp appears to have two different roles in the fiomcof collagen (17). First, Hyp helps to
stabilize the collagen super structure, particulanth regards to temperature. Collagen lacking
Hyp has a melting temperaturejTof 26 °C, while the collagen containing Hyp has @ af 39
°C (2). Without these hydroxyl groups on the prelinollagen quickly denatures at temperatures
found in the human body. Hydroxyproline also faaties cellular secretion of procollagen, the
building block of collagen. Therefore, if the hgdylation of the proline residues does not
occur, procollagen will not be excreted from ceadfficiently and the extracellular matrix of
collagen will not be properly assembled.

Both PHD2 and P4H are members of a larger grougneymes known as Fe(ll)- and
ketoglutarate-dependent dioxygenases (3,9). A% th@me suggests, these enzymes are
characterized by their use of a single iron iort thactions as a catalytic cofactor in the active
site. Additionally, members of this family use geyn andi-ketoglutarateKG) as cosubstrates
in the hydroxylation of their prime substrates. dius known about the specific mechanistic
cycle of this class of enzymes (Figure 2). Thestirey” form of the enzyme is the reduced Fe(ll)
state with three coordinated,® molecules, termed the binary complexxKG and substrate
then bind in an ordered-sequential mechanism (1Biyst, tKG binds in bidentate fashion,
displacing two water molecules (16). This produttes anaerobically stable ternary complex.

The ternary complex is characterized by an absmrgdgature centered near 520 nm due to the



metal-to-ligand charge transfer between the Fa(ioKG. After oKG binding, the substrate
binds, leading to the release of the final wate?).(2 The resultant enzyme state, called the
quaternary complex, generally retains an absorpsipectrum similar to that of the ternary
complex. In the case of P4H, there is no chandgkdrabsorption spectrum upon binding of the
proline containing peptide substrate to the terrmmyiplex (9). Upon additionf oxygen, the
enzyme cleaves the dioxygen molecule and decarams/thenKG to succinate. This process
produces the most important mechanistic featutbisfclass of enzymes, the Fe(1V)-oxo (ferryl)
species (intermediate J in Figure 2) (18). Tyl complex has the ability to abstract a
hydrogen atom from the substrate to form a fergidroxide complex and a substrate radical.
The substrate radical then adds to the coordinhtetfoxyl radical equivalent to form the
hydroxylated product. The products, succinate taechydroxylated substrate, are then released

by the enzyme to reform the binary complex.
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Figure 2
Consensus mechanism for members of the Fe(ll)oa&iG@&dependent dioxygenase family.
Taken and modified from (9).

Previously, a thorough mechanistic study was coteduwith a P4H fronParamecium
bursaria Chlorella virus-1, PBCV-1 P4H. While the biological targeds this enzyme are
unknown, it was found to hydroxylate the prolinsideies of certain small peptides, such as
(PAPK), with unusual efficiency. This feature makes tparticular P4H useful for study
because it obviates the use of a large substrat@lea similar to procollagen (7). Hoffaat al.
demonstrated, using a combination of stopped-fltasogtion and freeze-quench Mdéssbauer
experiments, that PBCV-1 P4H does indeed form #m®wical Fe(IV) species (9). Additionally,
titrations revealed the formation of both ternang auaternary complexes as intermediates. In
contrast to other Fe(ll)- anaKG-dependent dioxygenases, the binding of peptidistsate to

form the quaternary intermediate did not causeift shthe absorption maximum, nor did it



cause an increase #KG binding affinity. Instead, binding of the pegdicaused a decrease in
the molar absorptivity of the complex, called a dgipromic shift.

Enzymes of ther-ketoglutarate dioxygenase family are optimallyhated for turnover
only when the substrate is present, an effect térimabstrate triggering”. In substrate triggering
for this family, activation of the Fe(ll) to reaefficiently with O, occurs after the substrate
binds. Conversely, if the substrate is not pres@antgen activation is much slower, but can still
occur in the “untriggered” reaction. The untrigggireaction is believed to be a major source of
enzyme inactivation. While the specific mechanismot completely known, it is hypothesized
that the Fe(lV) forms in the untriggered reactidd,(3). As there is no substrate present, the
Fe(lV) instead targets a nearby amino acid resfligure 3). Often times, the residue is either a
tyrosine or tryptophan. The hydroxylation alloth& iron to return to its reduced Fe(ll) state,
but the enzyme is now inactivated due to the hyglat®d amino acid residue (13). If the Fe(ll)
is subsequently oxidized by dissolved tO Fe(lll), the residue then coordinates to th@IFen
the active site to produce a blue or green chromaplil3,20). Studies on the untriggered
reaction of chick embryo P4H have previously deteed that enzymatic inactivation occurs
rapidly. Within 60 seconds of the reaction’s stére activity of P4H had been reduced to 8%
(5). Additionally, EPR analysis has shown that tletative amount of Fe(lll) reaches a
maximum within 300 seconds of reaction initiatidghgure 4). Without doubt, the untriggered

reaction is detrimental to sustained enzymatio/aygti
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Curiously, experiments in guinea pigs, one of ther fanimals unable to synthesize
ascorbate, identified P4H as having a functionabdmate dependence (17). Ascorbate, also
known as vitamin C, is a biologically important glierelectron reductant. Humans also lack the
ability to synthesize ascorbate, requiring thencdosume ascorbate in the diet. Ranging from
bone deformities to abnormal bleeding, the symptafascorbate deficiency, or scurvy, are
widely recognized (12).

As seen in Figure 2, the proposed mechanism for @4 not include ascorbate in the
reaction. However, many sources often show ast®wm part of an electronically unbalanced
reaction (Figure 5). In the accepted mechanism, ftur-electron reduction of dioxygen is
balanced with a two-electron oxidation of prolinedathe two-electron oxidation in the
decarboxylation 0tiKG to succinate and GO The commonly depicted two-electron oxidation
of ascorbate is not balanced by the reduction of substrate and is therefore inaccurate.

Additionally, ascorbate is often referred to asofactor or coenzyme; both designations are



inaccurate (21). As demonstrated by Tuderetaa., ascorbate is not used stoichiometrically in

the catalytic reaction.
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Figure 5
Electronically Unbalanced Reaction. The two el@mtioxidation of ascorbate to
dehydroascorbate is unaccounted for in the prod

It is hypothesized that ascorbate is effective lotkeeping the iron reduced in the active
site of P4H and also in preventing the deleterieffiscts of the untriggered reaction. Together,
these properties of ascorbate could confer thetylid keep P4H and other enzymes in this
family active for long periods of time. While theechanism of action is largely unknown, many
theories have been devised to explain the rold(ascorbate. It could reverse iron oxidization
by reducing any Fe(lll) sites that are generateahday-enzymatic oxidation of the active Fe(ll)
form.  The iron reduction would return the enzyioeits active state. This hypothesis is
supported by an EPR-spectroscopic study of chidkrgonP4H, in which the gradual increase in

intensity of the hallmark g = 4.3 signal associatgth high-spin Fe(lll) was observed (5).



While previous studies have established that asterban reactivate the enzyme through iron
reduction, the specific mechanism of this processunknown. For example, it has been
suggested that ascorbate could reduce the Feftih) ia disassociates from the enzyme, and the
rebinding of the Fe(ll) could then reactivate P4%). ( Conversely, it is also possible that
ascorbate could reduce the Fe(lll) in situ, white tmetal is still bound. In addition to the
unknown mechanism, the kinetics of the ascorbatieiateon of P4H-Fe(lll) have not been
explored.

Another hypothesis of ascorbate action is centarednd reduction of the Fe(IV) that
may form during the untriggered reaction. Redurctmf this species would prevent any
detrimental self-hydroxylation reactions. This bilpesis is consistent with data that suggests
that ascorbate is being stoichiometrically consurmedhe uncoupled turnovers (6). If the
ascorbate was utilizing a single-electron reductimechanism, semidehydroascorbate would
form and quickly disproportionate into ascorbated atehydroascorbate (Figure 6). This
mechanism would lead to one ascorbate utilized dgery two untriggered reactions.
Conversely, Fe(lV) reduction would require two #lens, and therefore two ascorbate
equivalents, and yield the observed 1:1 ratio gbdsate consumption to untriggered reactions
(8). The final method of action could involve itmg the rate of oxygen activation, preventing
the formation of the reactive iron species whenstale is not present. This study sought to
determine which of the proposed mechanisms of @intin of P4H by ascorbate are operant and

which are the most important.
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Materials and Methods

Chemicals

EDTA and sodium hydroxide were purchased from EMi2@icals (Darmstadt,
Germany). Sodium ascorbate was purchased fromtrBpe€hemical Mfg. Corp. (New
Brunswick, NJ). Sodium chloride and ethanol warechased from VWR International
(Bridgeport, NJ). Ferrous ammonium sulfate, Tiasdy and hydrochloric acid were purchased
from J.T. Baker (Phillipsburg, NJ). All other masts were purchased from Sigma Corp. (St.

Louis, MO).

Materials

Frozen stocks dE. coli BL21 (DE3) containing a HiPBCV-1 P4H pET15b plasmid
(Figure 7) were obtained from previous work on K9+ A peptide, (PAPK) was used as a
substrate (9). (PAPK)was synthesized by Anne Stanley in the MacromddedcTiore Facility of

the Penn State Milton S. Hershey Medical Centerghigy, PA).

17 promoter primer #§0348-3

Bgill 7 promoter o) lac operator -
Meo ey Mosl Xhol Banri |
anl er WL B roargh fvSe . i
Bouwli0g | thrombin T7 terminator
1 Leud aThrhlad lublnEnd
-

T7 ferminator primer #65337-3

Figure 7
pPET15b Expression Vector from Novagen (Darmstaétn@ny).
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Over-Expression of P4H inE. coli

A frozen stockk. coli BL21 (DE3) was plated onto 1Q@/mL Luria-Bertani (LB) agar
media (10 g tryptone, 5 g yeast extract, 5 g Naf@dl 14 g agar dissolved in 1 L double distilled
H,O at pH 7.4). The plate was incubated at@dvernight. A single colony from the plate was
used to inoculate 1 L of 1Q@/mL ampicillin contained rich LB media (35 g trgpe, 20 g
yeast extract, and 5 g NaCl dissolved in 1 L gldkt pH 7.4). The flask was allowed to grow
with rigorous shaking overnight at 3€. The 1 L of cells was used to seed 60 L of LiBh
The cells were incubated in the fermenter at ateotn®H (7.4) at 3T and were continuously
oxygenated and stirred. The culture was growmt®Bysoo 0f 2. The culture was cooled to 18
°C and inoculated with 400M IPTG. The cells were incubated overnight andahthelleted in a

continuous flow centrifuge. The cell paste wademdéd and stored at -8C.

P4H Purification

All steps in the purification procedure were catraait at £C unless otherwise noted.
50 g of wet cell mass was resuspended in 200 nBuéfer A (20 mM Tris-Cl, 500 mM NacCl,
pH 8.0). The cells were then lysed by two padsesigh a french pressure cell. The lystate was
centrifuged at 50,009 for 1 hour. The cleared lysate was then loadeéd arb0 mL Ni(ll)-
nitrilotriacetate agarose resin. The column washed with 200 mL 60 mM imidazole in Buffer
A. The protein was eluted with 500 mM imidazoleddractions were collected. The P4H-
containing fractions were then dialyzed againstr®® Tris-Cl, 10% glycerol, and 1 mM EDTA
at pH 8.0 overnight. Dialysis was repeated witHeDT A in the buffer, called Buffer B. The
enzyme was concentrated to 5 mL and loaded onté Bi€éalthcare Life Sciences Sephacryl S-

200 gel filtration column (Piscataway, NJ). Thetpin was eluted at 0.5 mL/min with Buffer B,
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and fractions were collected. Those fractions wh#hhighest purity were pooled and

concentrated. P4H was frozen and stored atC80

Mass Spectrometry Sample Preparation and Analysis

The samples were prepared at room temperatureRe(il) added last to initiate the
reaction (Figure 8). Reactions were quenchedlid aatio with ethanol after 10 minutes to
denature P4H and stop the reaction. P4H was resifooen the reaction mixture by using 10K
Millipore Microcon Centrifugal Filter Units (Billeaca, MA). The flow-through from the
filtration unit was directly injected into a Watdvicromass ZQ mass spectrometer (Milford,
MA) for analysis. For peptide determination, a ft®bhase of 50% HPLC grade methanol and
0.05% triethylamine in water was used in the pesiton mode. For succinate quantification,
deuterium labeled succinate was added to the neixtmectly after the ethanol quench. The

same mobile phase was used, with signal moniteréioel negative mode.

Protein Deoxygenation

The protein was deoxygenated as described byrRatldl. (15).

Buffer Deoxygenation
Buffer B was deoxygenated on vacuum line by cycfog times between 10 minutes
vacuum and 10 minutes of 1 atmosphere argon. Aftelast cycle, the buffer was left under

argon atmosphere for 30 minutes.
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aKG Titration to Determine Binding Affinity

Anoxic stocks of ascorbate anG were prepared in a glove box by dissolving in O
free Buffer B. A stock of ferrous ammonium sulfatas made and quickly mixed with
deoxygenated P4H and ascorbate to the desiredmmnaiien (Figure 9B). The mixture was
added to a covered quartz cuvette and used aslafolaan Agilent 8453 UV-Visible
Spectrophotometer (Santa Clara, CAKG was titrated into the cuvette and absorbance
readings were taken. The titration continued urdiabsorbance change could be seen upon

addition ofaKG.

Monitoring Binding of aKG by Stopped-Flow Absorption Spectrophotometry

Anoxic stocks othtKG and ascorbate were perpared in a glove box aatixygenated
Buffer B. They were mixed to the appropriate conicgions (Figure 10) with deoxygenated
P4H. The stock of ferrous ammonium sulfate waslkduimade and immediately aliquoted into
the enzyme mixture to ensure that no oxygen cooitdacninate the Fe(ll). The syringes were
loaded and the solutions were allowed to cool 16 4or 15 min. The ram drive mixed the
solutions together, and the change in absorbars20ahm was monitored in photomultiplier
tube (PMT) mode of an Applied Photophysics SX2(Qog&al-Flow Spectrometer (Surrey, UK)

using a slit width of 1 mm.

Stopped-Flow Absorption Spectroscopy to Monitor Redction of P4H-Fe(lll)
Anoxic solutions of ferrous ammonium sulfate wemrepared in the glove box and
immediately added to dree P4H to yield an appropriate final concentratjFigure 11A,B). A

stock of potassium ferricyanide was prepared amglieied into the P4Hre(ll)mixture. This
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sample was incubated for five minutes to allow Fdd be oxidized to Fe(lll). Stocks oKG

and ascorbate were created as before with deoxtegeBaiffer B, and added to the syringes as
described (Figure 11A,B). As before, the stopgedrfsyringes were loaded, and the solutions
cooled to 4°C for 15 min. Actuation of the drive mixed the twolutions, and the absorbance

was observed in PMT mode with a slit width of 1 mm.

UV Visible Absorption Spectroscopy to Monitor Redution of P4H-Fe(lll)

Stocks and P4H were prepared as in the stoppedréduction experiment and mixed to
give to the appropriate concentrations (Figure 11Dhe P4H, Fe(ll), potassium ferricyanide,
and oKG mixture was added to a quartz cuvette and used lalank for an Agilent 8453 UV-
Visible Spectrophotometer. The ascorbate was addetl the change in absorbance was

monitored every 10 seconds.

Mass Spectrometry to Monitor Ascorbate Reduction oP4H-Fe(1V)

The samples were prepared 8CAwith Fe(ll) added last to initiate the reactiiglre
12). Because very high concentrations of ascodvate known to completely remove oxygen
from solution, the samples were incubated undeatarosphere of pure O Specifically, the
samples were cycled between three seconds of vafliawed by reoxygenation three times
and then left under oxygen for 10 minutes. Themaswere quenched by the addition of an

equivalent volume of ethanol.
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Results

Ascorbate Activation of P4H for Turnover

Without clear data showing the need for ascorb@ateptimal catalysis by PBCV-1 P4H,
it was important to first establish dependenceatively on the presence of the reductant. Figure
8 illustrates the a requirement for ascorbate fodpctive turnover by the enzyme, where each
hydroxylation of the (PAPK)substrate was viewed as a successful turnover.cifitady,
minimal turnover was observed at ascorbate coraigonis ranging from 0-10 uM. However, at
100 uM ascorbate, the enzyme was observed to affanly turnovers, producing both singly
and doubly hydroxylated products. At ascorbateceatrations of 1 mM and 2 mM, there
appeared to be a maximal level of turnover withyvhitle difference between these two
concentrations. The effect of ascorbate conceotr@teven greater than 2 mM is considered

below.
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Figure 8
Ascorbate dependent increase in number of substyatexylations
after 10 minutes. Samples were prepared wiiM1P4H, 0.7uM
Fe(ll), 1 mMaKG, 1 mM (PAPK}, and ascorbate. A single
hydroxylation was observed as a shift in the peppidak of the mass
spectrometer by 16 m/z. Each additional hydroxyftatesulted in a
further increase of 16 m/z.

aKG and Ascorbate Titrations

Generally, addition of the prime substrate to theary Enzyme-Fe(llkKG complex
causes a shift in the absorbance of the chromogi8je Additionally, it has been observed that
the substrate can allow for a decrease in thdd aKG complex by causing a conformational
change that traps theKG in the active site (18). For P4H, the developmef the 520 nm
absorption of the ternary complex upon additionimfreasing concentration afKG was
monitored both in the absence and in the preseht® sM ascorbate. As seen in Figure 9A,
the presence of ascorbate had no major affect®@tbkorption spectrum of the complex. This
observation was expected, as no shift in absorpdiccurs with the addition of the peptide
substrate (9). However, the;Kor oKG seemed to increase slightly in the presencecdrdate:
323 £ 49uM without ascorbate compared to 448 + M with 10 mM ascorbate (Figure 9B).

This increase in Ksuggests that ascorbate could inhi#{G binding rather than promote.
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Figure 9
(A) Absorption spectra of an anoxic solution of 0.5 rR¥H, 0.35 mM Fe(ll), and 0.9

mM oKG with 10 mM ascorbate (solid trace) or 0 mM abedbe (dotted line).

(B) Titration ofaKG into 0.5 mM P4H and 0.35 mM Fe(ll) with 10 mMcasbate
(open circles) or 0 mM ascorbate (filled circlehe points were fit by the quadratic
equation for binding (solid line).
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(A) Inhibition of aKG binding rate when P4He(Il) was preincubated with ascorbate. A
solutions containing 0.8 mM P4H, 0.6 mM Fe(ll), araatying ascorbate concentrations wag
mixed with 1.6 mMaKG anaerobically at 4C.

(A inset) kops for each concentration of ascorbate was determisgdy an exponential fit.
(B) No inhibition ofaKG binding rate wheaKG was preincubated with ascorbate. A

solution containing 0.8 mM P4H and 0.6 mM Fe(ll)swaixed with s solution 1.6 mMKG
and varying ascorbate concentrations anaerobiaafyC.

aKG and Ascorbate Binding Kinetics

The kinetics 0lnKG binding to the TaulFe(Il) complex had previously been used as a
probe to determine the order of substrate binditd).( Therefore, stopped-flow absorption
spectroscopy was used to help determine whetheorlzge inhibitsaKG binding, as is
suggested by the increase ip Kbserved by titration. To monitaKG binding, a solution of
Fe(ll)-bound P4H containing varying concentratiafisascorbate was mixed with a solution of
aKG. Presumably, the rate of formation of the teyr@mplex is determined by monitoring the
development of the 520 nm absorption band. As se&igure 10A, ascorbate has a significant
retarding effect omKG binding to the Fe(ll)-bound enzyme. With insgey concentrations of

ascorbate, the rate constant for formation of dmeary complex decreases (Figure 10A inset).
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This observation suggests that ascorbate interfeitbsbinding ofaKG to the enzyme’s active
site. However, the presence of ascorbate had fectedn the rate constant faKG binding
when enzyme was mixed with a solution containtk@s (Figure 10B). Therefore, theKG is
able to bind faster to the P4r¢(Il) complex, suggesting that the Kf oKG is much less than

the Kp of ascorbate.

Ascorbate Reduction of the P4HFe(lll) Complex and aKG Inhibition Thereof

Reduction of the P4H-Fe(lll) complex, which wasried by oxidation of the P4H-Fe(ll)
complex with the one-electron oxidant ferricyanid@s shown to have a clear dependence on
both aKG and ascorbate concentration (Figure 11). Irsingaconcentrations of ascorbate
increase the rate of reduction, as monitored byhange at 318 nm (Figure 11A). Inclusion of
varying concentrations ofKG in the enzyme solution slows the reduction rneacfFigure 11B).
At reaction times longer than 10 seconds (Figurd)llthe samples with the higher
concentrations oftKG were seen to return to the fully reduced stafehis observation is
consistent with the hypothesis thetG may be bound to the active site thereby premgnti
P4H-Fe(lll) reduction. With high concentrationsofG, the premixed P4H-Fe(lIhKG state
is favored, which can not be reduced. After th@ahpopulation ofaKG-free P4H-Fe(lll) is
reduced (Figure 11A), theKG slowly dissociates, allowing the remaining P4&{if) to be
reduced (Figure 11D). The P4H-Fe(ll) can thenn@lbKG to form the 520 nm P4H-Fe(ll)
-aKG ternary complex (Figure 11D inset). By detenmgnthe change in absorbance at 318 nm
after the first phase of reduction using an exputakfit, it was possible to indirectly monitor the
concentration dependenceodG binding to P4H-Fe(lll). These observations wasted and

fit to calculate a I§ for aKG to P4H-Fe(lll), 746 £ 7@M (Figure 11C).



20

It should also be noted that the P4H- Fe(lll) comp¥as determined to be stable. If the
Fe(lll) was able to dissociate from the active #it@ould complex with the reduced potassium
ferricyanide, potassium ferrocyanide, to form amlélue pigment, Prussian blue. The lack of
Prussian blue formation indicated that Fe(lll) remasequestered in the enzyme active site. In
contrast to the prevention of Prussian blue foromatn the presence of P4H, a control without

enzyme in solution was shown to yield the Prusblare pigment.
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(A) Dependence of the reduction of P4H- Fe(lll) on dsi@. A solution containing 0.25
mM P4H, 0.19 mM Fe(ll), and 0.19 mM potassium farainide was mixed with an equal
volume of an ascorbate solution.

(A inset) kops for each concentration of ascorbate was determisedy an exponential fit.

(B) Inhibition of P4H-Fe(lll) reduction byKG. A solution containing 0.25 mM P4H, 0.19
mM Fe(ll), 0.19 mM potassium ferricyanide am§lG was mixed with an equal volume of a
20 mM ascorbate solution.

(C) Change in absorbance at 320 nm due to reductiBdld- Fe(lll) not bound withKG.
The values represent the change in absorbance @ifshphase of reduction (B) as
determined by exponential fit. The points werddit hyperbolic curve to determing léf
aKG from P4H-Fe(lll).

(D) aKG inhibition of P4H-Fe(lll) reduction after 10cgds. 0.25 mM P4H, 0.19 mM
Fe(ll), 0.19 mM potassium ferricyanide, 10 mM asate, withaKG.

(D inset) Absorption spectrum of the 1 mbdKG sample from (D) before addition of
ascorbate and 1000 seconds after addition of ast®orb
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Ascorbate Inhibition of P4H Turnover

Non physiologically high concentrations of ascoebakre used to probe if ascorbate can
reduce the hydrogen abstracting Fe(IV) complexshtuld be noted that these experiments are
in direct contrast with those that sought to shbat iscorbate keeps P4H active when present at
low concentrations (Figure 8). As seen in FiguB&,1high concentrations of ascorbate do
indeed inhibit proline hydroxylation, consistenttlwreduction of the ferryl intermediate. To
determine if the decrease in hydroxylated prodsataused by enzyme inactivation or Fe(lV)
reduction, succinate production was monitored. aBse succinate is produced as a byproduct in
the reaction concomitantly with the Fe(lV) specigs¢ould be used an indirect measure of
formation of the Fe(lV) species. Quantification siiccinate (Figure 12B) suggested that,
regardless of ascorbate concentration, the amotirduccinate produced remained almost
constant, providing evidence for formation of tleeryl intermediate and subsequent reduction
by ascorbate. An alternative explanation for dsatar inhibition is that it might compete with
(PAPK); as a substrate. This possibility was tested bseamsing the concentration of peptide to
determine if ascorbate inhibition was reversed.e Babsequent mass-spectrometric analysis
revealed that increasing concentration of (PAPfiled to reverse ascorbate inhibition of
hydroxylation (Figure 12C). Therefore, ascorbabesdnot compete with (PAPK)n binding.
These results strengthen the hypothesis that aseonrevents productive turnover via a

mechanism that is independent of (PAP&)Nncentration, such as Fe(IV) reduction.
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(A) Ascorbate dependent inhibition of productive twero The relative intensities were
normalized to 100 for the amount of unhydroxyladetistrate. Samples were prepared wit
uM P4H, 3.5uM Fe(ll), 900uM oKG, 1 mM (PAPK}, and ascorbate.

(B) Percent conversion oKG to succinate at varying ascorbate concentratidine
intensities were standardized against @0Ddeuterium labeled succinate to determine the
amount of conversion ofKG to succinate. The samples were prepared witll $4H, 3.5
uM Fe(ll), 900uM oKG, 1000uM (PAPK);, and ascorbate.

(C) Effect of peptide concentration on ascorbate iibin. The relative intensities were
normalized to 100 for the amount of unhydroxyladetistrate. Samples were prepared wit

uM P4H, 3.5uM Fe(1D. 900uM oKG, 50mM ascorbate, and (PAF= peptide substrai
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Discussion

While the importance of ascorbate as a vitamin b@en recognized for centuries, its
mode of action has remained largely unknown (1Bherefore, this study sought to define the
mechanisms of interaction between ascorbate and R¥Hile the P4H homolog used for this
study, PBCV-1 P4H, is not the form found in humaisyas selected as a model after an
ascorbate dependence was established (Figure 8}h th& need for ascorbate shown, the
binding relationships witluKG and P4H were elucidated. The results of anaerpations
suggest that ascorbate does not bind as a substatd would have produced a change in the
absorption spectrum or a diminution of thg #r oKG. Instead, ascorbate may actually impede
aKG binding, as the K of aKG was observed to increase marginally from 323 1M without
ascorbate to 448 = 12M in the presence 10 mM of the reductant (Figurd. 9Bhe binding
relationships were also characterized by monitofarghation of the ternary complex at 520 nm
with the use of stopped-flow absorption spectrogcof@yhen the ascorbate was allowed to form
a binding equilibrium with P4H before mixing widtKG, the rate ofluKG binding decreased
(Figure 10A). Conversely, if the ascorbate was@né with thexKG before mixing, no effect on
the kinetics of thetKG binding was observed (Figure 10B). The bindkmggtics of these two
complementary experiments suggest that ascorbdtekdd bind in mutually exclusive manner.
Also, aKG must have a much lowerpKthan ascorbate, because it is able to outcompete
ascorbate for binding to P4H. While the compatitietween these two molecules is clear, the
molecular reason foaKG binding inhibition is currently unknown. Amortbe possibilities,
aKG and ascorbate could share an identical binditgy sKG and ascorbate could have
overlapping binding sites; @KG and ascorbate could each cause a conformatitvaalge that

impedes binding of the other.
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Majamaaet al. had previously suggested that ascorbate bind34td. By the use of
ascorbate mimicking inhibitors, ascorbate had lsenwn to directly interact with P4H to ensure
sustained activity. However, the results of thigsent study are the first to show directly that
ascorbate can bind to the P4H-Fe(ll) complex. #alually, the observation of competition
betweeruKG and ascorbate helps to define the charactegisfithe ascorbate binding site.

While the binding of ascorbate to P4H is importasetermining the chemistry that
ascorbate performs is key to truly understandiagunction. Previously, it was suggested that
two distinct reduction mechanisms could occur, Isiredectron reduction of Fe(lll) to Fe(ll) or
reduction of Fe(lV) to Fe(lll), subsequently folled by reduction to Fe(ll) (8). Because
previous studies had been conflicting in their d¢osions, experiments were designed to
conclusively distinguish between the two mechanisshsascorbate action. By generating
P4H- Fe(lll) anoxically with potassium ferricyanidewas possible to observe single electron
reduction in real time. Stopped-flow spectrophodtno analysis demonstrated that ascorbate is
efficient at reducing the Fe(lll) in the enzymetdige site (Figure 11A). However, the binding
characteristics of ascorbate create a caveatderhiological conditions. As shown previously,
ascorbate andKG are mutually exclusive in binding P4H. This tfacas again observed in
ascorbate reduction of P4H-Fe(lll). WiifKG present and bound to the enzyme, ascorbate
could not reduce P4H-Fe(lll) (Figure 11B). OnlyeabtKG dissociation can the reduction of
P4H- Fe(lll) by ascorbate be effected.

Previously, de Jongt al. (1982) determined that ascorbate can diministEfAR signal
associated with Fe(lll). Whether the iron was libtm P4H or free in solution was unknown.
Additionally, their data suggested that some foactf the Fe(lll) could not be reduced, even

after 30 seconds. The results of this presentydtetp to explain these previous observations of
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ascorbate reduction. It was shown that the P4H{}Fepmplex was stable and able to be
reduced by ascorbate. Therefore, iron is primdrdynd to P4H and not free in solution when it
is reduced. AdditionallypKG and ascorbate binding interactions explained gresence of
Fe(lll) signal even after 30 seconds. These ERpemxents had excesKG in the samples.
TheaKG probably bound to the P4H- Fe(lll) complex, praugg ascorbate reduction, giving the
observed results. Incubation of only 30 seconds med enough time for theKG to dissociate
from the oxidized species.

The alternative mechanism of ascorbate actionVreéduction, was also explored in
this present study. By using high concentratidngscorbate in the reaction mixture, productive
hydroxylation of (PAPK3 was inhibited (Figure 12A). However, the amourit oKG
decarboxylated to succinate remained almost consta@spective of ascorbate concentration
(Figure 12B). Therefore, we conclude that ascerbats on P4H betweeiKG decarboxylation
and substrate hydroxylation by reducing the Fe(@@gcies. There are two mechanisms by
which the reduction can occur with the substrates@nt. The first relates to th&G and
ascorbate binding relationship. OneKG is decarboxylated to succinate, it could posgsibl
dissociate. If ascorbate is present, it could them to the enzyme and reduce the resulting
Fe(lV) by an inner sphere mechanism. The seconthamesm of reduction would rely on the
highly reactive nature of the Fe(IV). It is podsilthat the Fe(IV) has high enough oxidation
potential that the ascorbate might not even neduxi to its favored site. Instead, the ascorbate
might reduce by an outer sphere mechanism.

The efficiency of ascorbate reduction of the Fe(iNy depend largely on the kinetics of
ferryl iron formation and the rate of its reactioBecause the enzyme is undergoing triggered

turnover in these experiments, the Fe(IV) spe@es$ rapidly and then reacts quickly, because
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it can efficiently cleave the carbon-hydrogen boohthe substrate. In the untriggered reaction,
the rate of oxygen activation and accumulation e Fe(lV) intermediate would be lesser.
Additionally, the expected half life of the Fe(l\épecies should increase, because the prime
substrate for the enzyme is absent, forcing the/lfegon to instead react with an internal amino
acid residue. Presumably, ascorbate could intereep reduce the Fe(lV) under these
conditions, preventing the detrimental self hydiakpn reaction.

Ultimately, this study has offered insight int@tinechanism of ascorbate action. In fact,
the results have shown that ascorbate is abledtaceeboth P4H- Fe(lll) and P4H- Fe(IV) species.
This versatility explains its biological importancethe continuous turnover of P4H. Research
has shown that ascorbate may be important notfgusP4H, but also for the entire class of
Fe(ll)- andaKG-dependent dioxygenases (20). Therefore, swestamscorbate deprivation may
be deleterious not only to the stable synthesisotigen, but other cellular functionalities as
well. For example, ascorbate may have an analogideisn keeping JmjC, an enzyme important
for histone demethylation, active. Furthermoreodsate may modulate PHD2 mediated HIF-

la hydroxylation, and by extension prevent cancepagation by controlling angiogenesis.
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