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ABSTRACT. As reported previously [Parsonage, D., Luba, J., Mallett, T. C., and Claiborne, A. (1998)

Biol. Chem 273 23812-23822], the flavoproteim-glycerophosphate oxidases (GlpOs) from a number

of enterococcal and streptococcal sources contain a conserves?5@sidue insert that is completely
absent in the homologous-glycerophosphate dehydrogenases. On limited proteolysis with trypsin, the
GIpO from Streptococcusp. (n= 67.6 kDa) is readily converted to two major fragments corresponding

to masses of approximately 40 and 23 kDa. The combined application of sequence and mass spectrometric
analyses demonstrates that the 40-kDa fragment represents the N-terminus of intact Glp€L{¢@6B;

40.5 kDa), while the 23-kDa band represents a C-terminal fragment (AldA@507; 22.9 kDa). Hence,

limited proteolysis in effect excises most of the GlpO insert (Ser3ys404), indicating that this represents

a flexible region on the protein surface. The active-site and other spectroscopic properties of the enzyme,
including both flavin and tryptophan fluorescence spectra, titration behavior with both dithionite and
sulfite, and preferential binding of the anionic form of the oxidized flavin, were largely unaffected by
proteolysis. Enzyme-monitored turnover analyses of the intact and nicked streptococcal GIpOs (at [GIpO]
~10 uM) demonstrate that the single major catalytic defect in the nicked enzyme corresponds to a 20-
fold increase irK(Glp); the basis for this altered kinetic behavior is derived from an 8-fold decrease in
the second-order rate constant for reduction of the nicked enzyme, as measured in anaerobic stopped-
flow experiments. These results indicate that the flexible surface region represented by elements of the
GIpO insert plays an important role in mediating efficient flavin reduction.

In contrast to the membrane-associated flavoprotein &lpD GlpOs also contain a 52-residue insert (Ser3%&l407 in

which catalyzes the oxidation of Glp~ DHAP with the E. casseliflaus enzyme), which has no counterpart in
concomitant reduction of ubiquinon&)( the soluble GIpO  the GlpDs, and previous speculation focused on a possible
catalyzes the direct reduction of,0—~ H,0O, (2). This role for this insert in contributing to the cytosolic localization

functional distinction is critical in lactic acid bacteria such of the soluble GIpO.

as the enterococci and streptococci, since these heme- Apart from the N-terminal FAD-binding region shared by
deficient organisms lack the membrane-associated respiratonG|pO and GlpDs, the only other functional element identified
chains found in other bacteria and in mitochondr@&. ( in these sequences has been proposed to correspond to
Despite this functional distinction, the GIpO sequences from elements of the Glp-binding site in the aerobic GlpD from
Enterococcus casseliflas and two other streptococcal  Escherichia coli(1). Similarities were noted within the region
sources compare favorably 80% identity) with those of  spanning residues 36@90 of this membrane-associated
several membrane-associated GlpDs from other bacterial andjavoprotein and elements of the DHAP-binding site of yeast
mitochondrial sources2j. While conserved regions are TIM (4), which consists of a flexible loop and two shorter
generally distributed over the entire sequence, the threeglycine-containing loops that together interact with and
: : : provide a lid for the phosphate end of the bound DHAP. To

G’\’;I'Iérgggv‘\{ork was supported by National Institutes of Health Grant i\~ avtent that the comparable segments irfEe coliGIpD

* To whom correspondence should be addressed. Telephone: (336)May thus serve in Glp binding, there are also some
716-3914. Fax: (336) 716-7671. URL: http://invader.bgsm.wfu.edu/. similarities between GlpD and GIpO within the regions of

z;?:ss:n?l;?grrssggnstg?\l;itce: deeq;?(l)lghti(r)nitQiSHV(\)lgz:ﬁst Marion Roussel comparison. However, the alignment of hecasseliflaus
93235 Romainville Cedex, France. ’ ’GIp_O an_d Esc. coli GlpD sequences also places the 52-

1 Abbreviations: Glp,a-glycerophosphate; GlpDy-glycerophos- residue insertbetweenthe “flexible |00p” and the two
phate dehydrogenase; Glp@;glycerophosphate oxidase; Glf- “glycine-containing loops” as defined in the TIM-DHAP

Streptococcusp. GIpO; DHAP, dihydroxyacetone phosphate; TIM, gtrycture ). In the absence of a three-dimensional structure
triosephosphate isomerase; CAPS, 3-cyclohexylamino-1-propanesulfon-

ic acid; EGTA, [ethylenebis(oxyethylenenitrilo)Jtetraacetic acid; TPCK, OF either GIpO or any known GIpO homolog, there is really
N-tosyl+ -phenylalanine chloromethyl ketone; SBBAGE, sodium no detailed information concerning the true functional role

dodecyl sulfate-polyacrylamide gel electrophoresis; ESI-MS, electro- of this insert and/or the determinants for Glp binding.
spray interface-mass spectrometry; HPLC, high-performance liquid Th . tud ith th bindat il
chromatography; TFA, trifluoroacetic acid; DHOD, dihydroorotate € previous stuady wi € recombindficasselitiaus

dehydrogenase; DAAQy-amino acid oxidase. GIpO showed that the enzyme follows a ping-pong kinetic
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mechanism Z); analysis of the reductive half-reaction
revealed a biphasic process in whikf, was both<< key

Charrier et al.

the enzyme was stored overnight af@ before stopped-
flow and/or spectral work.

and independent of the Glp concentration. These data were protein Analysis Method$DS-PAGE analyses routinely

interpreted in terms of a two-state model for the resting
oxidized enzyme in which the E-FAD* form is not able to
bind Glp productively for reduction; conversion of E-FAD*
— E-FAD at 4-5 s (pH 7.0, 5°C) is therefore limiting

for this fraction of enzyme reduction. The reaction of Glp
with E-FAD was consistent with the initial rapid equilibrium
formation of an E-FADGIp complex Kq = 25 mM),
followed by reduction to yield E-FADE+ DHAP atkeq =

48 s (~k.a). While the structural features distinguishing
the E-FAD* and E-FAD forms of GIpO remain unknown, a
chance observation indicated that limited proteolysis could
provide a useful structural probe for the resting oxidized
enzyme. In this paper, we present the results of both
equilibrium and kinetic analyses for the intact and nicked
forms of GIpO fromStreptococcusp.

EXPERIMENTAL PROCEDURES

Materials and General Method€APS and EGTA were
purchased from Sigma, and ultrapure urea was from ICN.
TPCK-trypsin was purchased from Worthington Biochemi-
cals, and Immobilon-P transfer membranes were from
Millipore. All other chemicals, as purchased from sources
described previoush2( 5), were of the best grades available.
The recombinant GIpO frork. casseliflaus was purified
as previously describe@®), and the enzyme frortrepto-
coccussp. (GIpOs) was purchased from Genzyme Diag-
nostics. The Genzyme preparation was purified to homoge-
neity in a single chromatographic step using Macro-Prep
Ceramic Hydroxyapatite (Bio-Rad) under conditions similar
to those described previouslg)( A total of 200 mg of the
lyophilized powder was dissolved in 10 mM potassium
phosphate buffer, pH 7.0 (no EDTA), and dialyzed exhaus-
tively against the same buffer. After the column was loaded
and washed, the enzyme was eluted with 280 mM
phosphate gradient. The specific activity as measured in the
standard spectrophotometric ass@ywith purified GIpOS
is 60.3 U/mgAzgdA44g= 7.4, andE44g= 11200 Micm™L.

Limited ProteolysisAnalytical experiments were carried
out by incubating 0.1 mg (1.5 nmol) of either GlpO or
GIpO-S with trypsin (1:25 or 1:50 trypsin:GlpO, w/w; as
required) in 50uL of 50 mM Tris—SO,?, pH 8.0, plus 1
mM CaCl, at either room temperature or 3Z (see Results).
Reactions were quenched by adding EGTA to a final
concentration of 4 mM while chilling the sample on ice, and
aliquots were analyzed by SB®AGE. Stopped-flow and
spectral analyses of nicked Glp®required a preparative-
scale proteolysis reaction with a combined volume of 11.9
mL while maintaining the concentration of Glp®at 2 mg/
mL. These incubations were continued at room temperature
for 30 min at a ratio of trypsin to Glp&-of 1:25 (w/w)
before quenching with EGTA. The nicked enzyme was then
dialyzed into 50 mM potassium phosphate, pH 7.0, plus 0.5
mM EDTA with a CM-30 microconcentrator (Amicon);
SDS-PAGE analyses before and after ultrafiltration dem-
onstrated both the complete conversion of intact to nicked
enzyme and the absence of any further change in the
proteolysis profile during ultrafiltration. In this manner,
approximately 25 mg of nicked GlpS-could be prepared,

employed 10% gels calibrated with the 10-kDa Protein
Ladder standards (Gibco BRL). For N-terminal sequence
analyses, GIpO proteolysis products that had been resolved
by SDS-PAGE were transferred electrophoretically onto an
Immobilon-P membrane, using the Mini Trans-Blot Cell
(Bio-Rad) and following the protocol provided by PE
Biosystems®). After detection with Coomassie Blue R-250,
bands of interest were excised and submitted for N-terminal
sequence analysis by the Protein Analysis Core Laboratory,
Comprehensive Cancer Center of Wake Forest University.
To analyze for the presence of the GlSproteolysis product
corresponding to Ser369.ys404 (calculatedn = 4209 Da),
SDS-PAGE was run with a 16.5% gel using the Fris
Tricine buffer system described by Bio-Rad) (and the
Peptide Marker Kit from Amersham Pharmacia Biotech.
Both intact and nicked GIpO samples were prepared for ESI-
MS analyses by dialyzing into deionized water with a CM-
30 microconcentrator; these analyses were performed by the
Analytical Chemistry Core Laboratory, Comprehensive
Cancer Center of Wake Forest University. Calculated mass
values for both intact GIpO and tryptic fragments were
determined using the program MS-DIGEST available from
the UCSF Mass Spectrometry Facilit§) (

Spectral Analyses and Stopped-Flow Kinet#issorbance
spectra were measured with Hewlett-Packard model 8452A
and Beckman DU 7500 diode-array spectrophotometers, and
fluorescence measurements were made with an SLM AB2
spectrofluorimeter, as previously describ&)l {Tryptophan
fluorescence was determined/at = 295 nm (0) with a
GIpO concentration of 1.2M. Titrations with dithionite and
sulfite and other static spectral measurements followed
established protocol2). All rapid-reaction analyses were
carried out with the Applied Photophysics DX.17 MV
stopped-flow spectrophotometet1j, which has recently
been upgraded to include an Acorn 32-bit RISC-processor
workstation. Protocols for both enzyme-monitored turnover
and reductive half-reaction experiments with GIpO, as well
as data analysis methods, have been described in dtail (
Pro-Kineticist (Pro-K) data analysis routingislf are run on
a Silicon Graphics 320 workstation.

RESULTS

Streptococcus sp. GlpO'he source of GlpGsis Strep-
tococcussp., and the DNA sequence for the gene was very
kindly provided by Dr. Hideo Misaki and the Diagnostics
Research and Development Department, Diagnostics Divi-
sion, Asahi Chemical Industry Co., Ltd., Ohito, Japan. The
enzyme as purchased from Genzyme Diagnostics was
purified in a single chromatographic step as described in
Experimental Procedures, and thevalue for intact GlpOs
was determined by ESI-MS to be 67 5848 Da. This value
is 21 Da higher than the calculated mass (67 573 Da) but
could easily represent formation of a Nadduct, which
would add 23 Da to the measured value. N-terminal
analysis demonstrated that the protein sequence was identical
to that deduced from the DNA sequence over the first 16
amino acid residues. Figure 1 presents a multiple sequence
alignment for theE. casseliflaus and Streptococcussp.
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FAD-bindin
E.casseliflavus ----TFSQKDRKETIQETAKTTYD T MODFAEGT 57
Strep. sp. ----MFSNKTRQDSIQKMQOQEE MQDFAEGT 56
B. subtilis MMNHQFSSLERDRMLTDMTKKT \SEMODFAAGT 60
* * * * kkkkk Kk
E.casseliflavus SSRSTKLVHGGIRYLKTFDVEVVADTVRERATVQQIAPHIPKPDPMLLPIYD-EPGATFS 116
Strep. sp. SSRSTKLVHGGIRYLKTFDVEVVADTVGERAVVQGIAPHIPKPDPMLLPIYEDEGATTFN 116
B. subtilis SSRSTKLVHGGLRYLKQFEVKMVAEVGKERAIVYENGPHVTTPEWMLLPFHK--G- GTFG 117
***********:**** ~k * ** *** * ** .'*: ****
E.casseliflavus LFSVKVAMDLYDRLANVTGSKYENYLLTKEEVLAREPQLQAENLVGGGVYLDFRNNDARL 176
Strep. sp. MFSVKVAMDLYDKLANVTGTKYENYTLTPEEVLEREPFLKKEGLKGAGVYLDFRNNDARL 176
B. subtilis SFTTSIGLRVYDFLAGVKKSERR- SMLSAKETLQKEPLVKKDGLKGGGYYVEYRTDDARL 176
*:.'..: ** **.* .. . *.* ** . **.** ::*_ * k Kk Kk
E.casseliflavus VIENIKRAQADGAAMISKAKVVGILHDEQGI INGVEVEDQLTNERFEVHAKVVINTTGPW 236
Strep. sp. VIDNIKKAAEDGAYLVSKMKAVGFLYEGDQIVG-VKARDLLTDEVIEIKAKLVINTSGPW 235
B. subtilis TIEVMKEAVKFGAEPV‘NYSKVKELLYEKGKAVG VLIEDVLTKKEYKVYAKKIVNATGPW 235
* * * % .. * * * : . * * T * : * * *
E.casseliflavus SDIVRQLDKNDELPPQMRPTKGVHLVVDREKLKVPQPTYFDTGKNDGRMVFVVPRENKTY 296
Strep. sp. VDKVRNLNFTRPVSPKMRPTKGIHLVVDAKKLPVPQPTYFDTGKQDGRMVFAIPRENKTY 295
B. subtilis VDQLREKDHSK NGKHLQHTKGIHLVFDQSVFPLKQAVYFDTP— -DGRMVFAIPREGKTY 292
13 *** *** * . *. * k k% ****** ***.***
"G blndmg"
E.casseliflavus FGTTDTDYTGDFAHPTVTQEDVDYLLTIVNERFPHAQITLDDIE 356
Strep. sp. FGTTDTDYQGDFTDPKVTQEDVDYLLDVINHRYPEANITLADIE 355
B. subtilis VGTTDTVYKEALEHPRMTTEDRDYVIKSINYMFPELNITANDIE 350
_***** * : _* * * % ** . . :*. ** ***:
E.casseliflavus DYNGGGEGKLSDESFEQIVESVKEYLADERQRPVVEKAVKQAQERVEASKVDPSQVSRGS 416
Strep. sp. DYNGGDNGSISDESFNKVVDTVSEYKENKVSRAEVEDVLNHLENSRDE--RKAPSTISRGS 413
B. subtilis =~ - DPSEISRKD 360
* k) . * %
"Glp-binding"
E.casseliflavus SLERSKDGLLTL. I TDYRLMAEGAVKRINELLQESG-ASFELVDSTTYPVSGGELDA 475
Strep. sp. SLEREPDGLLTL DYRKMAEGALRLIRQLLKEEYGIETKEIDSKKYQISGGNFDP 473
B. subtilis EIWTSDSGLITI GYRKMADDIVDLVRDRLKEEGEKDFGPCKTKNMPISGGHVGG 420
o .**:*: **k * * % **:. H P . . . ***
E.casseliflavus AN-VEEELAKLADQAQTAGFNEAAATYLAHLYGSNLP~---~- QVLNYKTKFEGLDEKES 528
Strep. sp. TK-LEETVTELAKEGVAAGLEEEDATYIADFYGTNARRIF---ELAKEMAPYPGLSLAES 529
B. subtilis SK_NLMSFVTAKTKEGIAAGLSEKDAKQLAIRYGSNVDRVFDRVEALKDEAAKRNI PVHIL 480
. * * .k * * *
E.casseliflavus TALNYSLHEEMVLTPVDYLLRRTNHEILFMRDTLDDVKAGVVAAMTDFFGWSEEEKAAHVL 588
Strep. sp. ARLRYGLEEEMVLAPGDYLIRRTNHLLFERDQLDEIKQPVIDAIAEYFGWTEEEKAQQTK 589
B. subtilis AEAEYS IEEEMTAT PADFFVRRTGRLFFD INWVRTYKDAVI DFMSERFQWDEQAKNKHTE 540
. *** :**.:*** ::. :.*** *
E.casseliflavus ELNQVIAESDLTALKGGKKDEZ 610
Strep. sp. RLEALIAESDLRELKGEK---~- 607
B. subtilis NLNKLLHDAVVPLEQ ——————— 555

Ficure 1: CLUSTAL alignment comparing GIpOs froEm casseliflausandStreptococcusp. with theB. subtilisGlpD. Asterisks indicate

identical amino acids, while colons and periods represent similarities based on the evolutionary distances between amino acids. Boxes
represent FAD-binding and putative “Glp-binding” segments, and the major trypsin cleavage sites identified for the GlpOs (Lys363 and
Lys368/Lys404, respectively) are shaded.

GlpOs along with théBacillus subtilisGIpD (12). The two 12 34 5 678 910
GIpO sequences are 62% identical, and the insert region of

GlpO-Scorresponds to Ser35%.ys404; an alignment of the A — oy =
five known GIpO sequences shows that the insert segment - - =
is present in every case although shortened by two residues et g o
in GIpQ-S As expected, the _FAD-bino!ing_ segment at the . ='= - o
N-terminus and the two putative Glp-binding sites are very - _ o

strongly conserved. Like tfe. casseliflausenzyme, GlpCB FIGURE 2: Limited proteolysis of. casseliflaus (lanes 2-5) and

contains no Cys and only three Trp; these three Trp are Streptococcussp. (lanes 79) GlpOs.E. casseliflaus GIpO is

absolutely conserved in the five GIpO sequences. shown before (lane 2) and after 5, 10, and 15 min incubations (lanes
Limited Proteolysis of E. casseliftas GlpQ A much 3-5) with trypsin (1:50 trypsin:GIpO, w/w) at 3T. Streptococcus

; ; ; s P sp. GIpO is shown before (lane 7) and after 5 and 15 min
earllehr (()jbseilrvatlorlr:/v |Ehtthe tGIpOt p“'f't‘;']eot' frOE.] C"Tszel,lﬂath incubations (lanes 8 and 9) with trypsin (1:25 trypsin:GIpO, w/w)
vus had shown that treatment with trypsin led 10 W€ g p5°C. Samples were analyzed on a 10% SIFRGE calibrated

appearance of three major fragments of about 40, 26, andwith the 10-kDa Protein Ladder standards (lanes 1, 6, and 10; the
28 kDa, and this was analyzed in detail with the recombinant 20-kDa marker is visible at the dye front) as described in
enzyme as shown in Figure 2. By electroblotting the Experimental Procedures.

proteolysis products and analyzing their N-terminal se- both retained the N-terminus of the intact protein (Table 1).
guences, it was established that the 40- and 28-kDa fragmentd'he 26-kDa species shares the N-terminal sequence corre-
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Table 1: Summary of N-Terminal and ESI-MS Data for Proteolysi& ofasseliflaus and Streptococcusp. GlpOs

molecular mass peptide
N-terminal sequence ESI-MS (Da) calculated (Da) (cleavage site)

A. E. casseliflaus GlpO
intact protein TFSQKDRKETI 67 082 1 67 085
40-kDa fragment TFSQKD 40 00k 10 40 011 Thr2-Lys363 (K363)
28-kDa fragment TFSQKDRKET ND
26-kDa fragment STKLVHGGIR ND

B. Streptococcusp. GIpO
intact protein MFSNKTRQDSIQKMQQ 67 594 8° 67573
40-kDa fragment MFSNKT 40511 4 40 505 MettLys368 (K368)
23-kDa fragment (DEK)APSTIS 22 89¥% 2 22 895 Ala405-Lys607 (K404)

(23 267) (Asp402 Lys607) (R401)

25-kDa fragment AEVEDVLNHLENSRDEK ND 24874 Ala388.ys607 (R387)

aND, not determined? The yield of Lys in cycle 3 was lower than Ala, due to the presence of other peptiéi@{®.increased mass (21 Da)
is attributed to a Naadduct (see text).

sponding to Ser61Arg70 of the intact protein, consistent the calculated masses (from MS-DIGEST) of 40 505 and
with cleavage at Arg60. Earlier ESI-MS analysis of the intact 22 895 Da for the fragments Metlys368 and Ala405
enzyme gaven = 67 082 Da, in excellent agreement with Lys607, respectively. The absence of a 23 267-Da peptide
the calculatedn of 67 085 Da B). Table 1 also gives the  (Asp402-Lys607) in the ESI-MS profile indicates that
result of a combined HPLC/ESI-MS analysis for the 40-kDa cleavage at Lys404 is essentially complete in this sample.
fragment, which allows the identification of Lys363 as the Lys368 falls 14 residues into the Glp®insert; it should be
internal cleavage site. ESI-MS data were not obtained for noted that the first six residues (Ser355ly360 in GlpO-
the 26- and 28-kDa fragments Bf casseliflaus GIpO. 9 of the insert are absolutely conserved in the five known
Limited Proteolysis of GIpO-SOf the trypsin cleavage ~ GIPOs, so the Lys363 cleavage sitetincasseliflaus GIpO
sites identified in theE. casseliflaus enzyme, Arg60 is  follows this conserved segment by only two residues. In both
conserved in GIpGS, but Lys363 is replaced by Asn (Figure GIpO and GIpOS, the cleavage site is the first basic residue
1); while the Lys363 cleavage site does fall only eight following this sequence.
residues into thés. casseliflaus GIpO insert and may be We investigated the possible existence of additional
indicative of a flexible surface-exposed region of the protein, conformational states involving the Glp®insert region by
the relative complexity of these proteolysis profiles led us carrying out proteolysis reactions at relatively low concentra-
to investigate the readily available GIp®1n sharp contrast  tions of urea. GlpCswas preincubated for 15 min at 2&
to the E. casseliflaus enzyme, proteolysis profiles for  with the appropriate urea concentration before trypsin was
GIpO-S under the conditions described above gave much added, and the reaction was allowed to proceed for 15 min
more favorable results. At 25C and a ratio of trypsin to  at 25°C before quenching. At urea concentrations of 3 and
GlpO-Sof 1:25 (w/w), there was no residual intact GIpO at 4 M, there was a progressive increase in a new peptide
15 min of incubation (Figure 2); in addition, the two major product of slightly higher apparemt (about 25 kDa) than
fragments of 40 and 23 kDa accounted f80% of the total the original 23-kDa band. There was no other significant
enzyme under these conditions. change in the profile over 15 min, indicating that the protein
As with theE. casseliflausenzyme, the 40-kDa fragment  Maintains an essentially native conformation for at least 30
of GIpO-S gave the same N-terminus (MFSNKT) as the Min in 4 M urea at 25°C. When the 25-kDa polypeptide
intact protein (Table 1), while the 23-kDa band gave a Wwas electroblotted and sequenced (Table 1), it was deter-
mixture of two sequences in this analysis that differ only by mined that the presence of urea induces cleavage at Arg387.
a three-residue N-terminal extension of the latter; this The calculatedn for the expected Ala388Lys607 fragment
corresponds to the segment (Asp4(3s404)Ala405- is 24 874, which is in excellent agreement with the SDS
Ser407 in GlpOs and represents cleavages at both Arg401 PAGE analysis.
and Lys404. Lys404 is the last residue within the GIBO- Spectroscopic and Redox Properties of Intact and Nicked
insert segment. In view of the relatively straightforward GIpO-S Visible absorption spectra of intact versus nicked
proteolysis profile for GIpCs, the ESI-MS analysis was  GIpO-S are essentially identical at pH 7.0, and there is no
carried out directly on a quenched reaction mixture that had hint of flavin loss during ultrafiltration. The observed
been desalted on a CM-30 microconcentrator. SPAGE retention of both 40- and 23-kDa fragments during ultrafil-
analysis before and after ultrafiltration indicated no change tration also suggests that these proteolysis products remain
in the profile for fragments=20 kDa, and an independent associated together with FAD. We have previously reported
analysis using 16.5% gels and the Tris-Tricine buffer system (2) that the bound FAD oE. casseliflaus GlpO is only 3%
failed to identify the anticipated 4.2-kDa peptide that would as fluorescent as free FAD; similar measurements indicate
correspond to the excised Glpg&fragment (see Discussion). that intact GIpOS is about 14% as fluorescent as the free
As determined by ESI-MS, there are two major species coenzyme Aex = 450 nm andigy = 520 nm). Nicked
present after proteolysis, and these correspont t@lues GlpO-Sexhibits a somewhat enhanced fluorescenel@o
of 40511+ 4 and 22 897+ 2 Da, which in turn clearly  that of free FAD); this does not reflect any significant
represent the 40- and 23-kDa fragments seen on-SDS contribution from free flavin, based on the essentially
PAGE. The ESI-MS values are in excellent agreement with identical excitation spectra of intact and nicked enzymes.
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Ficure 3: Sulfite titration of nicked GIpC& Nicked enzyme (24.5 0 ' e
uM, in 50 mM phosphate, pH 7.0, plus 0.5 mM EDTA) was titrated 300 400 500 600 700 800
with sodium sulfite solutions of 0.1 and 1.0 M. Spectra shown in Wavelength, nm

order of decreasing absorbance at 449 nm correspond to the addition, ,re 4: Anaerobic substrate reduction of intact GIgOmntact

of 0 (=), 0.45 (- -), 1.13 € —), 3.6 (---), and 23 mM ) total enzyme (26.kM in the pH 7.0 phosphate/EDTA buffer) was mixed
sulfite (HSQ"~ + SO; ). Inset: Double-reciprocal plot of absor- ana)t/erobi(callg/l with 30pmNL-(§Ip; sppectra shown cor)respond to

bance change at 449 nm versus added sulfite concentration. oxidized enzyme-) and, in order of increasing absorbance at 375
nm, reduced enzyme at 25), 85 (~ —), and 210s (- -)and 8 h
GipO fome cassefiausprferental siatilzes e N3 ), et TXnS, T 00T aion e e e
anionic form of bound FAD; the'fx is lowered to 8.5%). gnaerobically orior toyr%ixing. P
We examined the visible spectra of intact and nicked G§O-
at pH values of 7.0, 8.5, and 10.0. In both cases, there is a
significant increase in absorbance, along with a 20-nm blue Semiquinone after exposure of the substrate-reduced enzyme
shift for the near-UV absorbance maximum as the pH is to air. Since semiquinone does not accumulate with either
increased to 8.5; these changes are quantitatively very similarintact or nicked GlpG8during dithionite titration, it appears
to those originally seen with. casseliflausGIpO. The FAD  that the DHAP product may be an essential factor in the
N(3)-H pKa value, however, seems to be decreased evenradical stabilizations described above.
further for GIpOS as there is very little absorbance change  Limited attempts to resolve the 40- and 23-kDa fragments
between pH 8.5 and pH 10.0. There is no significant change of GIpO-Swere made using anion exchange chromatography
in this active-site K, with the nicked enzyme. GlpG-has on a Mono Q column and gel filtration with Sephadex G-100
three Trp residues located at positions 235, 342, and 579.in the presence of 3.5 M urea, but in neither case was
Trp342 falls within the strongly conserved segment, 13 separation achieved. These results are consistent with the
residues ahead of the insert region, which has been implicatecbbservation that ultrafiltration did not change the SBS
in Glp binding by the aerobiEsc. coliGIpD (1) on the basis ~ PAGE profile for fragments=20 kDa and again support a
of the TIM-DHAP structure. Trp579 is located toward the reasonably tight association together with FAD for the nicked
C-terminus shared by both the intact enzyme and the 23-enzyme fragments at concentrations>f «M. However,
kDa fragment. Both intact and nicked forms exhibit the same when measured in the standard spectrophotometric assay at
Trp fluorescence emission at 328 nm on excitation at 295 nanomolar concentrations, the activity of nicked GIB@as
nm; proteolysis does not increase the solvent exposure ofonly 3—4% that of intact enzyme. Considering that Triton
any of the three Trp residues. X-100 is present to solubilize the-dianisidine oxidation
The E. casseliflaus GIpO forms a stable flavin N(5)-  product, we investigated the possibility that the detergent
sulfite adduct K4 = 0.81 mM) at pH 7.0, 25C (2), and could dissociate nicked GlpS-fragments at +10 uM
titrations of intact and nicked Glp@&gave similaiKy values enzyme concentration, using both tryptophan and flavin
of 1.5 and 1.3 mM, respectively (Figure 3). Anaerobic fluorescence. While no direct evidence at these relatively
titration of the enterococcal enzyme with dithionite at pH high enzyme concentrations for a Triton-induced dissociation
7.0 leads to a mixture of relatively small amounts of both was obtained, we were unable to perform these spectroscopic
anionic and neutral flavin semiquinone intermediates; full analyses at nanomolar enzyme concentration as present in
reduction was reported to require £.5.6 equiv of dithionite/  the standard assay. To avoid the potential for nicked GpO-
FAD (2). The intact GlpOSis reduced directly on titration ~ dissociation at these low concentrations and to allow much
with 1.1 equiv of dithionite, and there is essentially no better correlation between kinetic analyses and static spectral
evidence for stable semiquinone intermediates. The samemeasurements at enzyme concentratian$0 uM, we
behavior was observed with the nicked enzyme at pH 7.0. employed the enzyme-monitored turnover methiig (vith
When intact GIpOS was mixed anaerobically with 30 mM  both intact and nicked GlpG-
L-Glp, the enzyme was reduced completely within 25 s at Enzyme-Monitored Turn@r AnalysesWith the enzyme
pH 7.0, 25°C, as monitored with a diode-array spectropho- from E. casseliflaus enzyme-monitored turnover analyses
tometer (Figure 4). Over the next several minutes, however, revealed that at steady state GlpO remains largely oxidized,
the E-FADH form of GIpO-S was converted to the red even at 50 mML-Glp; subsequent studies confirmed that
anionic semiquinone form in high yield. When the anaerobic reduction was essentially rate-limiting in turnove).(The
cuvette was opened to air, there was some initial conversionintact GlpOS exhibits quite different behavior as revealed
back to E-FADH, but this was reversed completely within in diode-array and single-wavelength analyses of turnover
a few minutes. This is in marked contrast to the behavior of with 10 uM enzyme and 0.77 mM ©Oover the L-Glp
nicked GIpOS, which only gives moderate yields of anionic concentration range of-550 mM (pH 7.0, 5°C). Even at
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FiIGure 6: Enzyme-monitored turnover of nicked GIg®-(A)
Nicked enzyme (9.xM) was mixed in the presence of 0.77 mM
O, with 2.5 mM L-Glp as described in Figure 5, and the reaction
was monitored by diode-array detection. Spectra correspond to the

tions are given for four selected traces, and the reactions werereaction mixture at 89 ms=), 15 (— —) and 92 s (---), and the

followed at 449 nm. (B) Direct plot okg,s for the approach to
steady state versus [GIp].

fully reduced enzyme 107 s after mixing-). Also shown is the
time-dependent formation of anionic semiquinone (500-s;-)
from reduced enzyme. (Blggtraces for these reactions (at 2.5, 5,
10, 15, and 25 mM-Glp) are given along with the corresponding

10 mM Glp, the enzyme is about 55% reduced at steady L-Glp concentrations.

state (Figure 5), suggesting th&t(Glp) is significantly lower
than the value of 24 mM determined with tRecasseliflaus
enzyme. The enzyme becomes fully rediiBes after mixing,

close tokea (17.9 s1) and suggests that DHAP release from
E-FADH, may be limiting for both turnover and for

once the limiting @ substrate has been depleted; at this time, reoxidation. By takingies= 32 s'* at 10 mML-Glp andKx

it should be emphasized that none of the red anionic = 21.7 s as the limiting step in reoxidation, one can
semiquinone seen in the anaerobic tip experiments describedtalculate that 60% of the total GlpSshould be reduced at
earlier is observed. By analyzing the data from these reactionssteady state. This agrees well with the 55% reduction

as monitored at 449 nm, plots of §llv versus [Q] (14)
resulted in a pattern of lines that intersect on thaxis,

consistent with a ping-pong mechanism. The secondary plot

of [L-GIp]/Vapp Versus [-Glp] gives Kn(Glp) and Viay at
pH 7.0, 5°C, Kn(Glp) = 1.9 mM, Kn(O2) = 52 uM, and
Keat = 17.9 s1. While Kn(O,) andk., both differ from the
respective parameters far casseliflaus GlpO by <2-fold,
Km(Glp) for GIpOSis almost 13-fold lower than with the
E. casseliflaus enzyme, consistent with the respective

observed experimentally, and these results will be discussed
further in the context of the reductive half-reaction analysis.
The nicked enzyme displays several very different features
in turnover, as analyzed by diode-array detection under
conditions very similar to those used for intact GISOAt
2.5 mML-Glp, the enzyme at steady state is essentially fully
oxidized (Figure 6), a direct indication thdt,(Glp) is
increased significantly in the nicked enzyme and that the
ratio kedkox IS much lower than with intact enzyme.

spectral properties in steady-state turnover. As described byFurthermore, at this substrate concentration, the nicked
Gutfreund (5), the approach to steady state for a simple enzyme requires almost 100 s to deplete tha@strate; as
flavoprotein should correspond to an apparent rate constanthe reaction mixture is monitored over the time frame of
(kappy equal to the sum of the first-order rate constants for 100-500 s, the red anionic semiquinone described earlier
the reduction and the reoxidation of the flavin. As shown in clearly begins to develop in the absence ef ®very similar
Figure 5, the monophasic approach to steady state expectegattern is seen at 25 mMGIp; the enzyme remains largely

with intact GIpOS is complicated by the presence of a
second kinetic phase, especially at higBlp concentrations.
In our analyses, we have focused on the majds9
component corresponding to Glp®reduction. When the
correspondindi,ps Values are analyzed over the Glp con-
centration range of 550 mM, a linear relationship is
indicated withksp,= 3.2 x 10° M~1 s™1 and ay-axis intercept
of 21.7 s (Figure 5). The first-order rate constant is very

oxidized in steady state, and even more anionic semiquinone
is seen to accumulate aftep @epletion. These reactions were
then monitored with 0.77 mM Qover theL-Glp concentra-
tion range of 2.525 mM at 449 nm (Figure 6), and the
kinetic data again are consistent with a ping-pong mecha-
nism. Values forK(O,) and keat Of 69 uM and 14.1 st
compare favorably with those for intact enzyme, Ki(Glp)

for the nicked enzyme is 36.2 mM, or 19-fold higher than
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Ficure 7: Reductive half-reaction of intact GlpQ-ntact enzyme
(27.6 uM final concentration) was reacted with substrate in the [L-GlIp], mM
stopped-flow spectrophotometer under anaerobic conditions at pH
7.0, 5°C. Final L-Glp concentrations for the traces shown were 40 P e

0.5, 1, 2, and 10 mM. a5 |
with intact GIpOS Still, at infinite [L-Glp], k.o for nicked 30 [
enzyme is at least 80% that of intact GI[#DAs expected, .
the respectivek./Kn(Glp) parameters reflect the large %,

~—

25 |

increase inKm(nicked); to the extent that these represent 3z 20F 3
lower limits for the respective second-order rate constants < s : 1
for association of Glp and E-FAD, the values are 2.40° ; ]
and 390 Mt s* for intact and nicked enzymes, respectively. 10 ¢ 3
Reductie Half-Reaction Studiegnalyses of the reductive s |E ]

half-reaction with intact GlpGsreveal no significant biphasic g

behavior at [Glp]< K. When these anaerobic reactions were °; '1'0‘ ' '2'0 *3‘0 4'0‘ '5'0‘ T
analyzed at 449 nm over theGlp concentration range of [L-Glp], MM

0.5-10 mM (Figure 7), howeverkeq Was taken either
directly from the single-exponential fits at concentratier®s FIGURE 8: Kinetic analyses of the Glp reduction rates for intact
mM or from the faster phase observed at 5 and 10 mM Glp. nd nicked GIpGE. (A) Direct plot ofkeq versus [-Glp] is given

for intact enzyme; values fd¢.q were determined from two nearly
When thesek.q values were analyzed versussIp concen-  jgentical experiments as described in Figure 7 and in the text. (B)
tration, it was found that a direct plot &f,gaccommodated  Direct plot ofkss versus {-Glp] is given for nicked enzyme; values
the data very satisfactorily (Figure 8), giving a second-order for kiastwere determined in an experiment similar to that described
rate constant of 4.9¢< 10* M1 s 1 for the essentially ~ in Figure 7 but using 21.6M nicked GlpOSandL-Glp concentra-
irreversible process at pH 7.0°E. It should be noted that tions of 10, 20, 30, 40, and 50 mM. Other details are given in the

. text.
this value compares reasonably well with, = 3.2 x 10°

11
M™"s : from the approach to stgady state. At 449 nm, the biphasic traces were observed in every case. The faster phase
reduction traces at 10 mMGlp yield an average value for accounted for 3747% of the totalh Ay at 10-50 mM Glp;

— 1 H H .
Kstow D %11'7 fsh_from two independent expe_nments,lthe over this same range, the rate constant for the slow phase
magnitude of this rate constant approackgs= 17.9 s was essentially unchanged (1.8 to 2:6 at 5 °C); keow iS

and suggests that it represents the rate—Iimit.ing step in they g, significantly less than the turnover number of 144 s
catalytlc'cyclef. We presently conclude that this correspondsm contrast, when the values fét. are analyzed versus
to the dissociation of DHAP from E-FADH The kinetic 1, _g)51in a direct plot, a second-order rate constant of 590
mechanism for Glp reduction of intact GIpO-S thus differs ;-1 s with a finite y-axis intercept of 8.8 is obtained

significantly from that determined for thé. casseliflaus (rigure g). This analysisle) is indicative of a significant
enzyme ), in that there is no direct indication for a classical reversible component to the reduction of nicked GIB@st
M|chael|§ complgx between I.E.'FA.D and Glp, and DHAP seen with the intact enzyme; furthermore, the corresponding
release is essentially rate-limiting in turnover. second-order rate constant is decreased by more than 8-fold

we then proceeded_to analyze _the reductive half-reaction rg|ative to that for intact GlpC& The slower rate of reduction
of nicked GIpOS, using both diode-array and 449-nm  ,hqeneq with the nicked enzyme is consistent with the
detection under anaerobic conditions. Diode-array analyses

S ; ) ) altered steady-state behavior in enzyme-monitored turnover
indicated that at a reaction time of 20 s with 10 mAGIp ; :

; X . analyses as described earlier.
about 14% of the flavin had not been reduced, in comparison
with diode-array spectra from enzyme-monitored turnover piscuyssiON
measurements with another nicked enzyme preparation, and
similar results were obtained with 50 mMGlIp. Otherwise Limited proteolysis ofStreptococcusp. GlpO leads to a
the spectral course of reduction was very similar to that seendramatic change in the interaction between the resulting
with intact enzyme, although the rate of reduction was much nicked enzyme and Glp. The kinetic parameters for steady-
slower. When these reactions were analyzed at 449 nm overstate and reductive half-reaction analyses of the intact and
the L-Glp concentration range of #50 mM, distinctly nicked GlpOSforms are summarized in Tables 2 and 3. To
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Table 2: Kinetic Constants for Intact and Nicked Forms of of GIpO-S furthermore indicates that the oxidative half-
Streptococcusp. GlpO reaction is not significantly affected by limited proteolysis.
intact GIpOSfrom _ nicked GlpOSfrom Analysis of the r_edgctlye haIf—reaqtlon with nicked GI@—
reveals a change in kinetic mechanism such that there is now
steady  stopped-  steady stopped- 5 gignificant reversible componerka(= 8.8 s to the

b b
erm state flow state flow second-order reaction, akglis decreased over 8-fold relative
ﬁ:ggg’)@m)w 5%'9 ,iéd 6%6'2 N3§'3 to the intact GIpC8 Given the smaller individuaeqvalues
Keat(S ) 17.9 1.7 141 (11.7) measured versus-Glp concentration in this case, we did
KealKm(O2) (M~1sY)  3.4x 10F 2.0x 10° not directly observe the DHAP release step that was seen

2 Calculated from the data in Figure BCalculated from the ~ With the intact enzyme at high substrate concentratigr=(
appropriate values in Table 3, as described in the text and inlfefs  11.7 s1). For this reason, and given the very favorable
and17. ¢ Calculated from the data in Figure 6ND, not determined. comparison betweek,; values for intact and nicked GlpS-

forms, we have also assigned a valuekpf= 11.7 s for

begin with, there is a significant mechanistic difference in the nicked enzyme. Takingdg= (k. + ks)/kiks, the stopped-
the reductive half-reactions of intaEt casseliflausGlpo ~ flow value of 3.0x 10°° M-s is in very good agreement
versus GIpOS. The first indication that the interaction of ~ With the steady-state value of 226107° M-s. Furthermore,
Glp with intact GIpOS is markedly different comes from  When the stopped-flow value fordg is taken together with
the observation tha€(Glp) is decreased from 24 mM with Do (= 1/ks), the value calculated fdfn(Glp) (= 35.3 mM)

the E. casseliflaus enzyme to 1.9 mM with GlpGs, is in excellent agreement with the steady-state value of 36.2
Furthermore, analysis of the reductive half-reaction reveals mM. ) _ _
that GIpOS does not form a detectable Michaelis complex ~ The value foiks,, measured in the reductive half-reaction
with Glp, reacting instead in a second-order fashion to yield With nicked enzyme is independent of Glp concentration,
the reduced enzymBHAP complex directly. This not only ~ ranging from 1.8 to 2.6°S over a 5-fold increase in substrate
distinguishes GIpGS from theE. casseliflausenzyme but ~ concentration. The corresponding amplitudes in AReug
also differs from the kinetic pathway of the classical ping- traces account for 5363% of the total change on reduction.
pong mechanismlE). Similar behavior was seen on NADH ~ Ksiow < keat (14.1 %), and at the same time, these values are
reduction of the flavoprotein melilotate hydroxylasky, very similar to the rate constants of 3:6.4 s* as
where the reaction also corresponds to an irreversible seconddetermined forkso, in the reductive half-reaction of.

order process. Our results with intact GljEJead to the  casseliflaus GIpO; the amplitudes represented kypy, in
following kinetic mechanism: that case were 1335% of the totalAAsss (2). No comparable

behavior was observed in the steady-state analysis of nicked
K K GIpO-S and we presently interpret this result to indicate that
E-FAD + G'Df E-FADH,-DHAP f the resting oxidized form of nicked, but not intact, GI{80-
E-FADH, -+ DHAP exists in 2 states that are distinct in their abilities to bind
L-Glp productively for reduction:

ks

E-FADH, + O, — E-FAD + H,0, Ko K [Glp]

E-FAD* == E-FAD=— E-FADH,DHAP
11 2

By comparison with the melilotate hydroxylase mecha-
nism, @, = (k2 + ks)/kiks, but since the direct plot déeq where reduction of E-FAD* is limited bio= 1.8-2.6 s’
versus [-Glp] reveals thak, = 0 this expression simplifies  The ratio of the amplitudesAA449) corresponding tKast
to 1k;. As described in Results, the slower phase observedand kg (= kio) at saturating [-Glp] should equak;o/kis;
with intact GlpOSduring reduction at high-Glp concentra- at 50 mM substrate concentration, this gikegk;; = 0.9,
tions has been attributed to the release of DHAP from which can be compared with the value of 6.7 fat
reduced enzymek§). In view of the second-order reaction casseliflaus GlIpO at 50 mML-Glp.
between Glp and E-FAD, we presently conclude that this  As discussed by Creighto), limited proteolysis results
product dissociation step is essentially rate-limiting in such as those described for GlBxre generally indicative
turnover; thusks ~ ket (@and @ ~ 1/ks). The corresponding  of either a flexible polypeptide segment linking independent
values for @ and @&, can be calculated from the rate structural domains or an exposed flexible polypeptide loop
constants presented in Table 3; when taken together, theyon the surface of the folded protein. Even in the latter case,
yield a calculated value foK,(Glp) of 2.4 mM (Table 2), the folded conformation of the nicked protein often remains
which agrees satisfactorily with the experimental value (1.9 stable. Long, flexible loop regions frequently adopt different
mM) determined from the data of Figure 5. Thus, there is conformations, such as the open and closed forms of TIM
generally quite good agreement between the steady-stat€4, 19, 20; still, the flexible loop of TIM (10-14 residues)
parameters and the mechanism as supported by the reductivies much shorter than the 5®2 residue insert found in GlpO.
half-reaction analysis. Note that while we have not directly Focusing on the proteolysis results with Gli8dthe intact
determinedks, the rate constant for reoxidation of reduced enzyme is a dimer with subumit = 67.6 kDa (not including
GIpO-S, the keaf Kim(O2) value of 3.4x 1° M~ st at pH the bound flavin). The results of proteolysis, gel filtration,
7.0, 5°C, does provide a lower limit and compares favorably and spectroscopic analyses indicate that the core dimers of
with that determined foE. casseliflaus GlpO (1.1 x 1(f both intact and nicked GlpG-are relatively stable in the
M~ s1) under similar conditions2). The very close  presence4 M urea. In the absence of urea, trypsin cleaves
agreement in these values between intact and nicked formgrimarily at Lys368 and Lys404, generating two major
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Table 3: Rate Constants for Reductive Half-Reactions of Intact and Nicked Skt Correlation of Steady-State and Stopped-Flow Résults

intact GIpOSfrom nicked GlpOSfrom
term kinetic equivaleft steady-stafe stopped-flow steady-stdte stopped-flow
ke (M~tsh) 49x 10° 590
ko (s71) 0 8.8
ks (579 11.7 (11.7)
Kq ND® ND
Do (S) 1ks 5.6x 1072 8.5x 1072 7.1x 107 (8.5x 1072
Deip(M-s) (ko + ka)/kaks 1.1x 10 2.0x 10 2.6x 1073 3.0x 108

a See the text for identification of each step. Except where noted, each rate constant was measured directly in the stopped-flow spectrophotometer
at 5°C. ® Assuming the mechanism described in the tégalculated from the data in Figure $Calculated from the data in Figure 8ND, not
determined.

fragments: MettLys368, m = 40.5 kDa; and Ala405 has been demonstrated to cause a significant reduction in
Lys607,m = 22.9 kDa. Attempts to identify the expected the mobility of this loop 23), which shields the substrate-
4.2-kDa product corresponding to Ser38%9/s404 were not binding site from solvent. Substrate binding therefore seems
successful, suggesting that this fragment has dissociated fronto require a significant opening of the surface loop, as
the core protein and been subjected to further proteolysisapparently occurs even with nicked DHOD. The catalytic
(there are five internal Lys- Arg). At concentrations>1 defect is associated with an impaired capability for proton
uM, our collected spectroscopic and other static analyses ofabstraction and/or hydride transfer from the bound dihydro-
the nicked enzyme indicate that the two major fragments orotate 21). Similar studies with DAAO demonstrated that
remain tightly associated together with FAD; there is no cleavage with trypsin at Arg221 led to 25- and 13.4-kDa
significant change in active-site properties as indicated both products 24, 25. As with GIpOS and DHOD, these
in titrations with dithionite and sulfite and in preferential fragments remained associated together with the flavin. The
binding of the N(3)-anionic form of FAD. There is no change competitive inhibitor benzoate completely protected against
in the environments of any of the three Trp per GIBO- this cleavage, but even in the absence of benzoate there was
monomer, including that of Trp579, which is located near always a residual core of 30% of the enzyme resistant to
the C-terminus of the 22.9-kDa fragment. Given the evidence proteolysis. These results were correlated, along with ex-
for binding of FAD by an N-terminal segment of Glp®)it tensive steady-state kinetic analyses with three substrates,
seems very likely that the ability of the nicked enzyme to with the crystal structure of the DAAGbenzoate complex
retain the tightly bound coenzyme even in the presence of 4(26). Arg221 falls within the active-site loop consisting of
M urea is a significant factor in stabilizing the folded core residues 216228; benzoate binding orders the loop such
conformation against further proteolysis. The only effect of that its closed conformation, which is not accessible to
urea at this concentration is to direct cleavage at Arg387 trypsin, is stabilized. In a similar manner, this loop has been
instead of Lys404 in a portion of the Glp®molecules; this implicated in a conformational change necessary for both
yields a larger C-terminal fragment of about 25 kDa and substrate binding and product dissociation. The loss of
most likely reflects a rather localized structural perturbation activity observed specifically with-Ser on proteolysis was
caused by the denaturant that has no effect on cleavage ataken to represent the absence of a coordinated loop
Lys368. At nanomolar enzyme concentrations in the presencemovement required during closure of the active site<ser
of Triton X-100 at 25°C, nicked GlpOSonly exhibits 3-4% binding, leading to a large increasek for this substrate
activity as compared to intact enzyme; this observation does(25).
suggest that the Glp@{fragments and/or FAD dissociate at As discussed by Mattevi et al27), catalysis very often
nanomolar concentrations under these conditions. takes place in cavities buried below the protein surface, and
Whether proteolytic excision of the GlpSinsert reflects conformational changes as expressed by active-site loops or
the presence of flexible surface loop(s) within this segment lids as seen in DHOD and DAAO, as well as TIM and a
or simply indicates a role in linking independent structural host of other enzymes, must accompany substrate binding
domains, two recent studies employing limited proteolysis and/or product dissociation. As has been proposed for both
as a structural probe of the flavoenzymes DHOD and DAAO DHOD (23, 28 and DAAO 26, 27, the GlpOs operate by
provide clear evidence for active-site loops that play a hydride transfer mechanism in which a proton is abstracted
important roles in substrate binding and/or dehydrogenation. from the substrate C(2)-hydroxyl, leading to the elimination
With the membrane-associatdétsc. coli DHOD, trypsin of H:™ and the commensurate formation of E-FAPp&hd
cleaves specifically at Arg1820); although the resulting DHAP (2, 5. The relative positioning of the substrate and
22- and 18-kDa fragments of the multimeric enzyme the flavin is a critical factor for optimal catalysis, as is the
remained associated together with FMN, the nicked enzyme maintenance of the solvent-protected cavity; Stoll et28) (
only retained 0.5% activity with quinone acceptor substrates. have pointed out that effective hydride transfer can only
Anaerobic stopped-flow analyses of the reduction of intact occur within a hydrophobic environment. The closure of the
and nicked DHODs demonstrated that although dihydrooro- active-site loops in DHOD and DAAO should also facilitate
tate binds the nicked enzyme, only very slow and incomplete substrate dehydrogenation by shielding the active site from
flavin reduction was observed. The Argl82 cleavage site solvent. While the present study does not prove the existence
comes at the end of a nine-residue segment in DHOD thatof such a functional, flexible loop in the GlpSactive site,
corresponds very closely to thactococcus lactiDHODA
active-site loop structur@p). Binding of the product orotate 2C. M. Finnerty and P. A. Karplus, personal communication.
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it is important to recall (a) that the GlpO insert falls between
two segments of the polypeptide previously implicated in
Glp binding to theEsc. coliGlpD (1); (b) that the nicked
GIpO-Sexhibits a marked change in the kinetic mechanism
for enzyme reduction (i.e., hydride transfer to FAD), includ-
ing a>8-fold decrease iki; and (c) that the nicked enzyme
also exhibits a dramatic increase in that reduction component
limited by ki the rate constant for the conformational
conversion of E-FAD*— E-FAD. Each of these observations

is consistent with an important catalytic role for this segment
in GIpO-S, which can be compared with the flexible loops
in DHOD and DAAO. It should also be emphasized that
despite the importance of Glp in intermediary metabolism
and in the shuttling of cytosolic reducing equivalents to the
mitochondria 80), very little is known about Glp recognition
and binding to enzymes involved in this aspect of energy
metabolism. To advance our understanding of this and other
aspects of GIpO structure and function, the intact GBO-

has recently been crystallized, and a 90% complete data set 19,

has been collected to 2.8 A resolutidn.
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