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ABSTRACT. Cystathioning3-synthase (CBS) is a tetrameric heme protein that catalyzes the PLP-dependent
condensation of serine and homocysteine to cystathionine. CBS occupies a crucial regulatory position
between the methionine cycle and transsulfuration. Human CBS contains 11 cysteine residues that are
highly conserved in mammals but completely absent in the yeast enzyme, which catalyzes an identical
reaction, suggesting a possible regulatory role for some of these residues. In this report, we demonstrate
that in both the presence and absence of the CBS allosteric regilattenosyl--methionine (AdoMet),

only C15 and C431 of human CBS are solvent accessible. Mutagenesis of C15 to serine did not affect
catalysis or AdoMet activation but significantly reduced aggregation of the purified enzymi&o.
Mutagenesis of C431 resulted in a constitutively activated form of CBS that could not be further activated
by either AdoMet or thermal activation. We and others have previously reported a number of C-terminal
CBS point mutations that result in a decreased or abolished response to AdoMet. In contrast to all of
these previously investigated CBS mutants, the C431 mutant form of CBS was unable to bind AdoMet,
indicating that either this residue is directly involved in AdoMet binding or its absence induces a
conformational change that destroys the integrity of the binding site for this regulatory ligand.

Cystathionineg-synthase -serine hydrolyase [adding catalytic core (amino acid residues—7413), and a regulatory
homocysteine (Hcy)], EC 4.2.1.22] (CBS} a pyridoxal C-terminal domain (Figure 1). The C-terminal regulatory
5'-phosphate (PLP) dependent heme protein which catalyzesegion contains two hydrophobic domains nhamed CBS1 and
the condensation of serine and homocysteine to form CBS2 @), recently found to form allosteric binding sites for
cystathionine 1, 2). Cystathionine is then used as a substrate AdoMet (9). A portion of the C-terminal domain has an
for cystathionine/-lyase with the formation of cysteine. CBS autoinhibitory function, and binding of AdoMet, proteolytic
is a key regulatory enzyme at the homocysteine (Hcy) branchcleavage, deletion of the C-terminal residues, thermal activa-
point between the methionine cycle and cysteine biosynthesistion, or specific mutations act to displace the autoinhibitory
by the transsulfuration pathway. The relative flux between domain from the catalytic site causing an elevation in CBS
these two competing pathways is regulated by the intracel- catalytic activity (L0). Deletion of the C-terminal regulatory
lular concentration of AdoMet. AdoMet is an allosteric domain consisting of~140 amino acids, originally defined
activator of CBS activity and acts to repress the alternative by limited proteolysis, converts the native tetrameric enzyme
remethylation pathway by acting as an allosteric inhibitor to a 45 kDa dimer which is constitutively activated and
of betaine-homocysteine methyltransferas® @nd 5,10- unresponsive to AdoMetlQ) (Figure 1).
methylenetetrahydrofolate reductasg ). CBS and its Complete deficiency of CBS in humans results in ho-
regulatory interaction with AdoMet are, thus, key regulators mocystinuria (MIM number 236200), a disease involving the
of plasma total Hey (tHcy) levelss(7). _ocular, skeletal, vascular, and central nervous systdm®s (

CBS is a homotetramer composed of identical subunits 13). Since partial CBS deficiency may lead to mild hyper-
of 551 amino acids each and an apparent molecular mass of,5mqcysteinemia, which is a known risk factor for premature
63 kDa. In addition to the cofactor PLP, each CBS subunit peripheral and cerebral occlusive arterial disedse 15),

binds an equimolar amount of heme Wh_osg functiop .is neural tube defectslg), and Alzheimer’s and Parkinson’s
unknown. The enzyme has a modular organization consistingisease 17, 18), interest has increased in the mechanisms
of an N-terminal heme binding domain, a highly conserved ,,\ hich CBS is regulated. A number of lines of evidence

: have indicated that CBS expression is regulated coordinately
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s HEME, PLP o digested withSpH and Kpnl and cloned into the pGEX6P-
AdoMet 1-hCBS expression vector (Amersham Biosciences, Piscat-
/ cbs1 casz away, NJ) digested witBpH and Kpnl. The C15S mutant
I [1__[] 551 Human cBs construct was generated using the QuickChange site-directed
/ LN mutagenesis kit (Stratagene, La Jolla, CA) according to the
0 413 416 468 486 543

manufacturer’s instructions and oligonucleotides 397 and 267

(Table S1). The vector-insert junctions and the entire CBS
heme binding conserved ~ regulatory coding sequence were verified for each mutant by DNA
FRABIL | | || CHONYRCSOMAN | | oA sequencing using the Thermo Sequenase Cy5.5 sequencing

kit (Amersham Pharmacia Biotech) and the Visible Genetics

1 | 45kDa human CBS Long Read Tower System-V 3.1 DNA sequencer according
bl to the manufacturer’s instructions.
? ik Purification of Recombinant Human wt CBS and Mutant
WTCBS  45kDa CBS Protein. The purification of wt CBS, C15S, S466L, 45 kDa,
Heme i i and C431S was performed as described previously The
il il i purification procedure for the C431S and S466L was
Activity 100% Za0mnl modified slightly. After the GST-CBS fusion proteins were
QHgomeric statuss)||teframes e cleaved with PreScission protease (Amersham Pharmacia
it ittt Biotech), the GST tag was subsequently removed by size-

FicURE 1: Domain organization of human wild-type CBS and 45 €Xclusion chromatography as described previousg. (
kDa CBS. CBS Assay.The CBS activity was determined by a

previously described radioisotope assay usH@]fL-serine

of disulfide and cyclic sulfenamide covalent bonds and as the labeled substratg]. One unit of enzyme activity is
sulfenic and sulfonic acid<2p). defined as the amount of CBS that catalyzes the formation

Human CBS has 11 cysteine residues that are highly of 1 «mol of cystathioninen 1 h at 37°C. AdoMet activation
conserved in mammals. The possibility that some of these Was found in preliminary experiments to be independent of
residues play a noncatalytic regulatory role in higher organ- PH in the range 6.59.0 and independent of ionic strength
isms is suggested by the fact that the amino acid sequencdn the range 16150 mM NaCl. o
of the mechanistically identical yeast CBS is conserved with AdoMet Binding.To measure AdoMet binding to CBS,
38% identity and 72% similarity to the human CBS protein WO independent methods were used; the first was fluores-

(23) and contains only one cysteine residue in a position cence and the second was a radioactive filter bind_ing assay.
that is not conserved with any of the mammalian forms of Fluorescence Measuremenit$éeasurements of the internal

the enzyme. protonated aldimine of PLP in CBS were done by fluores-

In this paper, we investigate the possible function of these C€Nce performed at an excitation wavelength of 420 nm on
conserved cysteine residues in human CBS. Specifically, we? Shimadzu RF-5301 PC spectrofluorometer using excitation

show that full-length human CBS contains two solvent- 2nd emission slits of 5 nm with samples in a $olution of
accessible cysteine residues, which we identified as C15 and! "S-HCl-buffered saline, pH 8.6 (X TBS; a Ix solution
C431, located in the noncatalytic N- and C-terminal regula- COnsisted of 10 mM Tris-HCI, pH 8.6, and 150 mM NaCl)
tory domains, respectively. Mutagenesis of C15 caused no@t 25 °C. For CBS measurements, the protein absorbance
apparent effect upon catalysis or AdoMet activation but did Was adjusted t@\uzs = 0.5, using a Hewlett-Packard diode
appear to prevent the formation of high molecular weight @@y model 8453 UVvisible spectrophotometer. Thazs

aggregates of purified CBS. Mutagenesis of C431 resulted V2/u€ of 0.5 gives a protein concentration of 0.3 mg/mL.
in a constitutively activated form of CBS that could not be AdoMetwas added in small increments to achieve gradually

further activated by either AdoMet or thermal activation and NCréasing concentrations. Preliminary experiments were
was unable to bind AdoMet. done with each CBS variant to determine a valid range of

AdoMet concentrations to work with fdfyq determination.
EXPERIMENTAL PROCEDURES The initial AdoMet concentrations tested ranged from O to
1000uM. To determine th&y for each variant, we used a
Materials. L-[U-'4C]Serine and\-[1-*“C]ethylmaleimide  range of concentrations which went 15 points above and
were obtained from Perkin-Elmer Life Sciences (Boston, below the estimate#y ranging approximately 1620-fold
MA). [1-Y“C]lodoacetic acid was purchased from ICN in concentration. Specifically, for thiy determination of
Biomedicals, Inc. (Irvine, CA), an&-adenosyl-[methyl- wt CBS, 0-170uM AdoMet was used, for S466L,-460
14C]methionine was purchased from Amersham Biosciences ;M, for C431S, 6-1000 uM, for C15S, 6-130 uM, and
(Piscataway, NJ). Unless otherwise stated, all other chemicalsor 45 kDa, G-1000uM AdoMet.
were purchased from Sigma (St. Louis, MO). AdoMet Filter Binding AssayAdoMet binding to CBS
CBS Expression Construct Preparatidihe C431S CBS  was measured by a previously described filter binding assay
mutant expression construct was generated with a wild-type (10). The range of AdoMet concentrations used in this
CBS template in the pGEX6P-1 vector using the overlapping analysis was determined by a similar procedure as above,
PCR method described by Higuchi et &4). The primers but the highest concentration was limited by the specific
used can be found in Table S1 (Supporting Information). activity of the radioactively labeled AdoMet. AdoMet-0
The PCR product (spanning nucleotides 181874 of the 500 uM) was used initially, then wt CBS,-0100 uM, 45
CBS coding sequence) containing the C431S mutation waskDa, 0—500 «M, and C431S, 6500 uM.
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CBS Actiation by Thermal Actiation. CBS activity was endoproteinase Glu C ff h at 37°C. Finally, the Glu C
measured in response to thermal activation as describeddigest was loaded on a C18 reverse-phase column 218TP54
previously (0). Briefly, the wt CBS, C431S, and C15S forms (Vydac, Hesperia, CA) equilibrated in 0.1% trifluoroacetic
were all diluted to a final concentration of 0.1 mg/mL in 1 acid (TFA). The peptides were eluted with a gradient of
x TBS, pH 8.6. Samples were analyzed in a Hewlett-Packard 0—80% acetonitrile in 0.1% TFA. Fractions containing
diode array model 8453 UWVvisible spectrophotometer with  radioactivity were pooled, vacuum-dried, dissolved in 20 mM
a connected Peltier temperature controller. The enzyme wadriethylamine hydrochloride buffer, pH 7.0, and rechromato-
loaded in a 5QiL quartz cuvette (Helma) and heated in 0.5 graphed on a C8 column 228TP104 (Vydac, Hesperia, CA)
°C increments with 1 min hold intervals from 25 to 60. in a gradient of 8-80% acetonitrile in 20 mM triethylamine
Aliquots (10uL) of enzyme were taken at different temper- hydrochloride buffer, pH 7.0. The separated peptides were
atures and chilled on ice, and the CBS activity was then subjected to Niterminal amino acid sequencing by
subsequently determined at 3. The unfolding of the Edman degradatior2g), which revealed the identity of the
enzyme has been shown to be irreversible forap t on two separated peptides by the presence of‘t@eabel.

Ice. Protein Gel Electrophoresis and Aciily Staining.Dena-
Size-Exclusion Chromatograplighe oligomeric status of  tured proteins were separated by SEFBAGE (9) using a
mutant derivatives of CBS was investigated using a Beckmango, separating gel with a 4% stacking gel. Blue native
HPLC Gold SyStem (BeCkman |nStrUmentS, |nC., FU”erton, poiyacry|amide geis (BN-PAGE) were prepared as described
CA) with a SEC-250 size-exclusion column (Bio-Rad, previously @0, 31) using a 1 mmthick 8.6 x 6.8 cm, 5-13%
Hercules, CA). The column was equilibrated in TBS at a gradient gel for separation. Electrophoresis was carried out
flow rate of 1 mL/min. Protein standards thyroglobulin (670 at 4°C for 6—7 h. A high molecular weight calibration kit
kDa), immunoglobulin G (158 kDa), ovalbumin (44 kDa), for electrophoresis (Amersham Biosciences) was used as the
myoglobin (17 kDa), and cyanocobalamin (1.35 kDa) were protein standards for BN-PAGE. For visualization, the gels
used for column calibration. were stained with Simple Blue (Invitrogen, Carlsbad, CA).

Determination of Accessible Protein Sulfhydrylsll CBS activity staining of the BN-PAGE was performed as
cysteine determinations were performed using a freshly described previously3Q).

reduced enzyme because nonreduced enzyme has a tendency
to aggregate. CBS was reduced by preincubation with 10 RESULTS
mM dithiothreitol (DTT) for 20 min at 37C. DTT was then o _
removed usig a 1 mLspin column filled with Bio-Rad P-10 Determination of the Number of $eht-Accessible Cys-
in 20 mM Tris-HCI, pH 8.0. The number of reactive teines in Human CBysteine residues in proteins can be
sulfhydryl groups was immediately determined spectropho- the site of irreversible modification by reactive oxygen and/
tometrically either with 10eM DTNB at 412 nm using the ~ Or hitrogen species causing a permanent loss of function.
extinction coefficient of 5-thio-2-nitrobenzoate of 14150M  Alternatively, reversible modifications of cysteine residues
cm 1, by carboxymethylation witlC]JOOH-iodoacetic acid, ~ may protect those residues from irreversible oxidation or lead
or by modification withN-[1-14C]ethylmaleimide followed to modulation of protein function serving as a form of redox
by separation of the free label from the protein using Bio- regulation. Not all cysteine residues are equivalent, and any
Rad P-101 a 1 mLspin column 7). Protein concentrations ~ residue that is sensitive to modification and/or plays a role
were determined spectrophotometrically using the combinedin signal transduction is likely to be solvent accessible. In
absorbance of the heme and PLP ligands in CBS wiih order to determine which, if any, of the 11 cysteine residues
= 107.1 mM?! cm . Reactions using each of the three in CBS are solvent accessible, we used Ellman’s reagent,
modifying agents were initially run for up to 2.5 h, and in 5,5-dithiobis(2-nitrobenzoate) (DTNB), for the initial esti-
each case an end point was reached at 30 min. mation of solvent-accessible sulfhydryl groups. This pre-
|Soiation, Purification, and N|2-|.Termina| Sequencing of |iminal’y analySiS of CBS reduced with DTT and then treated
Peptides Containing Accessible CysteinNaIive CBS, 1 with DTNB resulted in the detection of two accessible
mg (15.8 nmol), was reduced in 10 mM Tris-HCI buffer, Sulfhydryl groups (Table 1). In order to verify this finding,
pH 8.6, with 10 mM DTT for 30 min at 37C. The DTT the experiment was repeated uslfi@-labeled iodoacetic acid
was removed usma 1 mLspin column, and the enzyme  ([**CIIAA) and *“C-labeledN-ethylmaleimide (FCINEM).
was carboxymethylated with 3 mM“CJiodoacetic acid in ~ Both IAA and NEM showed an average of two solvent-
0.1 M Tris-HCI buffer, pH 8.6, for either 4 or 30 min at 37  accessible cysteine residues (Table 1). Interestingly, the 45
°C. The carboxymethylated enzyme was subjected to akDa CBS enzyme (residues-#13) shows only one acces-
preparative 9% SDSPAGE. The enzyme band' visualized sible Cysteine, indicating that one of the solvent-accessible
by autoradiography, was cut out of the gel and electroeluted Cysteine residues is located in the C-terminal regulatory
in an Elutrap chamber (Schleicher & Schuel, Inc.) at 10 W region of CBS. Previous work in our laboratory has shown
for 1 h into Tris—glycine electrode buffer, pH 8.3. THéC- that AdoMet binding to CBS induces a conformational
carboxymethylated protein solution was then dialyzed againstchange 10). In order to investigate if this conformational
0.1 M ammonium bicarbonate, pH 7.8, and vacuum-dried. change acts to expose additional cysteine residues to solvent,
The purified carboxymethylated CBS protein was subse- We repeated the above experiments with CBS in the presence
quently dissolved in 5@L of 8 M urea in 0.1 M ammonium  of AdoMet. No additional cysteine residues were modified
carbonate buffer and reduced with 40 mM DTT for 15 min in the presence of this compound.
at 50°C, and remaining sulfhydryl residues were carboxym-  We have investigated the extent of cysteine modification
ethylated with 100 mM cold iodoacetic acid. The sample with iodoacetic acid in the presence and absence of DTNB.
was diluted © 2 M urea and digested with 1:25 (w/w) Inthe absence of DTNB, two cysteines were modified within



11024 Biochemistry, Vol. 45, No. 36, 2006 Frank et al.

Table 1: Number of Solvent-Exposed Cysteines in the Presence of 035 T oot
Three Different Cysteine-Modifying Agents 03 L
no. of £ 025 b
Cys-modifying solvent-accessible relative activity Q
agent CBS enzyme Cys modified (%) of wt CBS % 02k
DTNB wit 2.124+0.09 N/AP S o5k
IAA wt 1.67 +0.34 115 s
45 kDa 1.10+ 0.03 d S5 01°L
NEM wt 2.05+0.29 135 g
C15S 111+ 0.25 163 005 | L
2100 wt % CBS activity of unmodified full-length 63 kDa CBS is ,J. .

00 10 20 30 40 50 60 70 80
Volume [mi]
Ficure 3: HPLC Gg chromatography of“C-carboxymethylated
peptides of a trypsin digest of human CBS. Separation of the
peptides on the second reverse-phase colugiim @ gradient of
0—80% acetonitrile in 20 mM triethylammonium hydrochloride
buffer, pH 7.0, at a flow rate of 0.5 mL/min (see Experimental
Procedures for details).

135 units/mg of proteint 16 SEM (standard error of the meafAN/

A, not applicable since DTNB modification is reversed during activity
assay ¢ Modification of the first cysteine residue is very fast; modifica-
tion of the second cysteine is slower and not always 100Since the

45 kDa enzyme is constitutively activated, we did not compare it to
wt activity in this table; however, with modification of one cysteine,
there was no change in activity. All values are the average of four to
six independent experiments SEM.

above, and endopeptidase Glu C was then used in an
ammonium carbonate buffer to cleave the reduced and 8 M
urea-denatured enzyme into a mixture of peptides. Final
separation of the twé&'C-carboxymethylated peptides after
the second reverse-phase column is shown in Figure 3.

Once isolated, we proceeded to identify the labeled
peptides using Nkterminal amino acid sequencing by
Edman degradation. This approach unambiguously revealed
the identity of the two separated peptides. Peptide 1 was
found to consist of CBS residues 101, containing the
carboxymethylated C15. Peptide 2 was found to consist of
residues 413436 and contains the modified C431 (Table
2). Repeating this procedure for the enzyme carboxymethy-
lated with 4C]IAA for only 4 min yielded peptide 1 and

thus clearly identified C15 as the more reactive residue of
FiGUrRe 2: Modification of accessible cysteine residues in CBS by the two cysteine residues.

14Cli i id. Freshl B hyl . . . .
[*Cliodoacetic acid. Freshly reduced CBS was carboxymethylated Cysteine Mutagenesit order to further investigate the

mol SH/mol CBS enzyme

0 L 1 L 1 L L |

0 10 20

Time (min)

30

in the presencel) or in the absence®) of 10 mM DTNB. CBS

reduced with 10 mM DTT in Ix TBS, pH 8.6, for 10 min at 37
°C was filtered throuly a 1 mLspin column. A freshly prepared
solution of IAA was subsequently added to a final concentration
of 3 mM. Aliquots containing 1(:g of protein were precipitated
with 10% cold TCA, and the amount of“C]IAA bound to the
protein was determined by scintillation counting. Upon modification
with IAA essentially no free SH can be observed with DTNB.

role of cysteine residues in CBS, we used site-directed
mutagenesis as described in Experimental Procedures to
generate bacterial expression constructs designed to express
CBS with either C15 or C431 substituted by a serine residue.
After expression of these CBS mutant derivativesEisr
cherichia coli(E. coli), we performed an initial characteriza-

tion of mutant enzyme activities in bacterial crude cell

30 min (Figure 2). When reduced CBS was pretreated with extracts using the wild-type CBS expression construct as a
DTNB, no further modification byfC]IAA was observed.  positive control. Western blotting analysis of the crude
This result indicates that modification was occurring specif- extracts showed that all of the mutant forms of CBS were
ically on cysteine residues and that both reagents are reactingstably expressed at roughly equivalent level€Eincoli as
with the same two residues. Taken together, these threecompared to wild type (results not shown). In terms of
independent cysteine modification methods all come to the enzyme activity, the C15S mutant was essentially identical
same conclusion that there are two solvent-accessible cysteindo that of the wild type in both the presence and absence of
residues in full-length wild-type CBS. AdoMet. Interestingly, the C431S mutant was more active

dentification of Modified Selent-Accessible Cysteines by than wild-type CBS but did not show any further increase
N-Terminal Peptide Sequencinglaving determined that  in activity in the presence of AdoMet.
there are two solvent-accessible cysteines in CBS, a number Purification and Characterization of C15S and C43T8e
of experiments were performed in order to identify their C15S and C431S mutants, which displayed activity at wild-
location in the CBS protein sequence as described intype levels or better, were purified to near homogeneity and
Experimental Procedures. Our strategy to achieve this aimfurther characterized. The C15S mutant protein and the wild-
involved the labeling of the solvent-accessible cysteine type protein were purified as described previously)(
residues followed by proteolysis and subsequent purification Because the C431S mutant was found to suffer from an
of peptides containing the labeled residues which we increased tendency toward aggregation compared to wild-
identified by protein sequencing. Full-length CBS was type CBS, particularly during concentration of the enzyme,
labeled by carboxymethylation witA4C]IAA as described this mutant protein was purified using a slightly modified
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Table 2: NH-Terminal Sequencing of Peptides 1 and 2

peptide
position in CBS 10 11 12 13 14 15 16 17 18 19 20 21
amino acid Val Gly Pro Thr Gly CMCys Pro His Arg Ser Gly Pro
yield (pmol) 1471 1380 966 590 817 1041 452 121 109 159 187 166
radioactivity (cpm) 11 13 15 17 20 2397 1001 262 96 61 38 33

peptide 2
position in CBS 417 418 419 420 421 422 423 424 425 426 427 428 429 430 431 432 433 434 435 436
amino acid Leu Gly Leu Ser Ala Pro Leu Thr Val Leu Pro Thr lle Thr CMCys Gly His Thr lle Glu
yield (pmol) 594 468 490 140 446 289 272 183 241 224 181 594 468 490 140 446 289 272 183 241
radioactivity (cpm) 10 10 12 30 37 32 36 61 35 31 34 41 34 28 247 169 84 85 53 37

@ An identical sequence of peptide 1 was obtained after only 4 min of carboxymethylation

o i 0.01
—E w é c %15
E‘ a % g 2‘0
kDa £ < kDa = kDa N
- - 5 RN
g 0.005
=
8
[}
859 §
669 759
' LW 631 0 I
0 4 8 12
4A() — By 464 Elution volume [mi]
. Ficure 5: Wild-type CBS carboxymethylation of C15 prevents
g -
232 B 266+--mer— 236 multimerization of the enzyme driven by oxidation. The freshly

reduced enzyme (bold line) was oxidized with 1 mM diamide for
) 20 min (thin line). Reduced wt CBS was first carboxymethylated
140 W g | 2?*’ cIneT 125 for 4 min under the standard conditions (see Experimental
Procedures) and then oxidized with 1 mM diamide for 20 min
(dashed line). All incubations were made in TBS at°87and an
66— K enzyme concentration of 0.1 mg/mL. Inset: A calibration curve
was generated using thyroglobulin (670 kDa), immunoglobulin (158
Ficure 4: Native blue gel comparison of wild-type (wt) CBS with  kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and cyanocobal-
C15S. Native blue gels were run as described in Experimental amin (1.35 kDa) as protein standards.
Procedures. The C15S shows complexes no larger than a tetramer,

while the wild-type enzyme shows complexes larger than a tetramer. protein is kept in the absence of a thiol-reducing reagent,

Both the wild type and C15S mutant also show a dimer on this P o ; .
gel. The molecular weight marker consisted of thyroglobulin from the majority of the enzyme is in the higher molecular weight

porcine thyroid (669 kDa), ferritin from equine spleen (440 kDa), Undefined multimeric form (Figure 5).
catalase from bovine liver (232 kDa), lactate dehydrogenase from  In order to investigate the possible contribution of C15 to
bovine heart (140 kDa), and albumin from bovine serum (66 kDa). this observed phenomenon, freshly reduced wild-type CBS
was carboxymethylated for 4 min as described in Experi-
version of this procedure (see Experimental Procedures).mental Procedures, allowing specific modification of the C15
SDS-PAGE analysis of the purified proteins indicated that residue. Subsequent size- exclusion chromatography analysis
they were all present at approximately 90% purity (Figure of this modified enzyme was performed before and after
S1, Supporting Information). reaction with diamide (Figure 5). While the noncarboxym-
Upon purification of the C15S enzyme, its oligomeric ethylated CBS showed the typical shift from a tetramer to a
status was investigated by native blue gel electrophoresismultimer, the enzyme carboxymethylated at C15 was pre-
(Figure 4) and HPLC size-exclusion chromatography (results vented from aggregating. Taken together, these results
not shown). On the native blue gel, the wild-type enzyme strongly implicate cysteine thiols and specifically C15 in the
showed several different complexes larger than a tetramerin vitro aggregation into high molecular weight multimers
as we have observed previously. Interestingly, the C15S observed for purified CBS in vitro.
mutant did not show any complexes larger than a tetramer The Impact of C15 and C431 upon Adty, AdoMet
(Figure 4), confirming our notion that C15 is involved in  Activation, and AdoMet BindingAfter purification of the
the formation of higher molecular weight oligomers and C15S and C431S mutant enzymes, we investigated their CBS
aggregated forms of wild-type CBS. activity levels and compared these values to that of purified
The finding that C15 may play a role in CBS aggregation wild-type CBS enzyme (Figure 6). The C15S mutant had
is consistent with a number of independent observations activities essentially identical to that of purified wild-type
made in our laboratory regarding purified wild-type CBS. CBS in both the presence and absence of AdoMet. The
When this enzyme is separated on an HPLC size-exclusionpurified C431S mutant form of CBS exhibited more than
column and equilibrated in a nonreducing buffer, we observe 2-fold higher catalytic activity than that of the wild-type
a number of different native size molecular forms identified control protein but could not be further activated in the
from the calibration curve as an undefined multimer (elution presence of up to 10 mM AdoMet. The level of CBS activity
volume 6.8 mL), an octamer (elution volume 7.8 mL), and observed for the C431S form of CBS is comparable to that
a tetramer (elution volume 8.9 mL). Typically, if the purified seen for the wild-type enzyme activated either by AdoMet
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Ficure 7: Fluorescence spectrum aiglgraph for wild-type CBS
alone and for wild-type CBS with increasing concentrations of
AdoMet. The highest curve represents wild-type CBS, and each of
the curves below represent wt CBIS5, 10, 15, 45, and 14BM

Ka (uM) AdoMet, respectively. The inset is a graph showing the binding
constant determination for wt CBS.

Ficure 6: CBS activity of purified wt CBS, C15S, and C431S
enzymes in the presence and absence of 1 mM AdoMet.

Table 3: Binding of AdoMet to wt and Mutant CBS Determined by
Fluorescence and Filter Binding Assay

enzyme fluorescence filter binding

\é/tlggs 11%3'4&:& (1)'2 ,{I}Dfi 31 reported value of 13.5M (10). The C15S mutant enzyme
C431S not dét not det gave a dissociation constant for AdoMet binding of 14.3
45 kDa not det not det 1.8 uM. Although the S466L CBS mutant is not activated
S466L 29+ 06 ND by AdoMet, it is clearly capable of binding this compound,

aND, not determined. The S466L and C15S were not further exhibiting aKy value of 2.9+ 0.6 uM. Although this was
analyzed by AdoMet filter binding assay because the fluorescence assaysomewhat different from our previously publishigglof 8.9
suggested no significant decrease in AdoMet affirfithlot det, not uM (10), both values consistently show that S466L has a

detected. The fluorescence signal or the radioactive counts were’ . .
insufficient to evaluate a binding constant. higher affinity for AdoMet than wt CBS.

The 45 kDa C-terminal deletion mutant on the other hand,
or by partial protease digestiod) and that previously ~ Which shows no activation by AdoMet, displays no shift in
observed in the constitutively activated S466L mutant form fluorescence upon addition of AdoMet. Similarly, C431S also
of CBS (10). These results strongly indicate that mutagenesis Shows no change in relative fluorescence intensity upon
of C431 results in an altered activated conformation acting addition of AdoMet, suggesting that either the fluorescence
to displace the C-terminal autoinhibitory domain of CBS 3|gnal. |s'|nsuff|C|ent to'evaluate a bmdl'ng constant or fthat
from the active site. To further investigate this possibility, the binding constant is too large. This latter possibility
we studied the AdoMet binding properties of the C431S Suggests that AdoMet may not be binding to the C431S CBS
mutant. Because previous work in our laboratory has shown mutant. To investigate this possibility, we used a previously
that AdoMet binding to wild-type CBS results in a change described AdoMetfilter binding assayq) to determine the

in the PLP-derived fluorescence intensify0)f, we investi- level of AdoMet blnd'lr)g for the C431S mutant form of CBS
gated possible changes in the environment around the cBS(Table 3). As a positive control, thi€; value for AdoMet
catalytic site in C431S CBS using fluorescence spectra of binding to the wild-type enzyme was determined in parallel
the internal protonated aldimine of PLP in the presence andand found to be 11.2 3.1xM, a value nearly identical to
absence of AdoMetl(). By looking at fluorescence changes that determined by fluorescence measurements (106

in this region, we are able to observe the effects of AdoMet #M) as described above. The 45 kDa C-terminal deletion
on the CBS active site. The PLP fluorescence spectrum of Mutant was used as a negative control and did not show any
the C431S mutant was compared to those of wild-type CBS detectable binding of AdoMet. In direct contrast to the
and C15S CBS, both of which are activated by AdoMet. In constitutively activated S446L mutant form of CBS, the
pared to that of the CBS mutant S466L that binds AdoMet detectable binding by AdoMet. Although a number of CBS
but is not further activated by this compound and the 45 Mutants with aberrant AdoMet regulation and increased
kDa C-terminal deletion mutant that lacks the C-terminal AdoMet binding constants have previously been described
autoinhibitory domain and is thus unable to bind AdoMet. (6, 9, 10, 33), C431 is the first reported point mutant form
The wild-type and C15S forms of CBS both show a change 0f CBS that is not capable of binding this ligand.

in fluorescence intensity upon addition of AdoMet, allowing Thermal Actiation StudiesWe have previously reported
for the calculation oKy values (Table 3). Th&q value for that as a result of thermal activation, at temperatures just
AdoMet binding to the wild-type enzyme was 1144 0.6 below the melting point (55C) of wild-type CBS, the
uM, and Figure 7 shows the PLP fluorescence spectra of catalytic activity of the enzyme increases?-fold. The
wild-type CBS with increasing concentrations of AdoMet S466L mutant does not show any increase in activity with
along with an inset showing th€; determination. The wild- ~ heating, and similarly, the addition of AdoMet to the
type CBSKq value is in good agreement with the previously thermally activated wild-type CBS does not show any
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350 T - - T T activity for the C431S mutant. By way of contrast, this same
temperature change is accompanied by a 50% increase in
- activity for wild-type CBS. Taken together, the mutually
exclusive nature of thermal, AdoMet, and C431S induced
- activation of CBS indicates that they are acting through a
functionally analogous mechanism involving the displace-
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200 . ment of the C-terminal autoinhibitory domain from the active
—e— wtCBS .
—=a— C431S CBS site.
150 - .
DISCUSSION

% Relative activity of wt CBS

Our findings described here represent the first analysis of
solvent-exposed cysteines in CBS, along with their functional
50 ' : : : : and structural characterization. The results of our studies
: show that 2 out of the 11 cysteine residues in wild-type CBS
are solvent exposed.

T Although our results show that the C15 residue of CBS is
not crucial for catalytic activity, characterization of this
mutant revealed an interesting correlation between unpaired
solvent-accessible cysteine residues and the tendency of
purified CBS to form high molecular weight aggregates in
vitro. The HPLC and native blue gel results together show
that when the C15 residue is modified or mutated, the CBS
enzyme is stabilized in the tetrameric form compared to the

wild-type enzyme. These findings highlight the possibility
@ C431S CBS + AdoMet that the C15 modified or mutant form of CBS may represent
5035 0 a5 0 8 60 a more stable form of CBS for future biochemical and
structural studies.

. . . Our previously described crystal structure of a truncated
Ficure 8: Comparative analysis of C431S and wild-type CBS T :
thermal activation. 1@L aliquots of enzyme were taken at different form of CBS indicated that residues C272 and C275 are

temperatures ranging from 37 to 6Q and chilled on ice. Wild-  Solvent accessible and are part of a CXXC motif followed
type CBS (wt CBS) and C431S were subsequently assayed forby ana-helix, alluding to a potential oxidoreductase function
activity in the absence of AdoMet as shown in (A) and in the where these residues would be responsible for the formation
presence of AdoMet as shown in (B). The activities are shown as 5 reduction of disulfide bonds during the catalytic process
a percentage of the wild-type enzyme as determined at@G7 34 . vsis of the full-| h
without any preincubation at higher temperatures. (34). HOW_ever, In our current analysis of the full- engt_ CBS
these residues were not found to be solvent accessible even
increase in activity. These results were an indication that When the protein was induced into the activated conformation

the thermal activation was inducing a functionally equivalent BY AdoMet binding, thus making it unlikely that C272 and
conformational change to that induced by AdoMet binding C275 function as an oxidoreductase domain in full-length
to the wild-type CBS enzymel(). If our hypothesis
regarding the mechanism by which C431S CBS is consti- Characterization of wild-type and mutant CBS responsive-
tutively activated is correct, then one would logically predict ness to AdoMet has led to speculations regarding the location
that this mutant form of CBS would be insensitive to further of the AdoMet binding site. The predictions by different
activation by treatments involving the CBS autoinhibitory groups are relatively similar and focus on the tandem CBS
C-terminal domain. Having already demonstrated the in- domains located within the C-terminal portion of CBS
ability of AdoMet to further activate the C431S mutant, we between residues 41869 @, 9, 35, 36). These “CBS
proposed to extend this investigation by looking at the ability domains” are a previously defined group of hydrophobic
of this protein to respond to thermal activation. In this sequence motifs that are found in a wide range of functionally
analysis, wild-type CBS and the C15S and C431S CBS unrelated proteins. These domains are invariably present in
mutants were preincubated at a range of temperatures varyingandem pairs within the same polypeptide chain and appear
between 37 and 60C, followed by chilling on ice and  to interact with each other to confer regulatory functicg)s (
subsequently assaying for activity at 3C. A very recent report by Scott et al9)( has provided

As one might reasonably predict from the results described evidence suggesting that twin CBS domains form a binding
above, the C15S mutant behaved like wild-type CBS, site for the adenosine group in a variety of allosteric regulator
showing an approximate 2-fold increase in activity just below compounds including AdoMet. Scott et al. investigated
the melting temperature (5%C) (data not shown). Con-  binding of these ligands to subcloned and expressed regula-
versely, the constitutively activated C431S mutant could not tory fragments of a number of different proteins including
be further activated by partial thermal activation (Figure 8). human CBS that all contained tandem CBS domains. They
Interestingly, it would appear that the C431S mutation used our previously described AdoMet filter binding method
induces a significant change in the thermal stability of CBS (10) to show that the isolated C-terminal portion of human
as the transition from 50 to 5 is accompanied by a very  CBS is capable of binding AdoMet with an appar&qtof
significant drop from 275% to 125% of wild-type CBS 34 uM. In the presence of the D444N mutation, which is

100

% Relative activity of wt CBS
N
[=]
o

—e&—— wt CBS + AdoMet

Temperature ('C)
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unresponsive to physiological concentrations of AdoN&f ( that destroys the functional integrity of the AdoMet binding
37), the binding affinity was significantly reduced with an site. Clearly, the C431 mutant form of CBS merits further
apparenty of 500 uM. Although the work by Scott et al.  investigation, and these studies are currently ongoing in our
was the first direct experimental proof of AdoMet binding laboratory.

to the CBS C-terminal region, this analysis suffers a certain
degree of limitation, as this region is being expressed and SUPPORTING INFORMATION AVAILABLE

folded in the absence of both the catalytic portion of the A figure containing an SDS gel showing purified recom-

protein and the N-terminal regulatory region. In addition, binant wild-t ;
. . -type, C15S, and C431S human CBS (Figure S1)
Evagd‘&zt\lal'g? tpurlfle% Te flijll'tlﬁn,?th CBS cg)lnt?mm%d and a table detailing the oligonucleotides used for construc-
€ mutation and found that comparabl€ 10 WIA- 5, of plasmids containing Cys Ser mutations (Table S1).

type CBS it was induced about 2-fold in the presence of —. PR : :
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