Biochemistryl1996, 35, 7247—7255 7247

Photoaffinity Labeling with UMP of Lysine 992 of Carbamyl Phosphate Synthetase
from Escherichia coliAllows Identification of the Binding Site for the Pyrimidine
Inhibitor®

Javier Cerverd,Elena Bendald,Hubert G. Britton Jorge Buesé,Zeina Nassif, Carol J. Lusty! and
Vicente Rubio*

Instituto de Inestigaciones Citdlgicas (FIB and CSIC), Amadeo de Saboya, 4, 46010 Valencia, Spain,
Department of Physiology, St. Mary’s Hospital Medical School, Paddington, London, U.K., and Department of Molecular
Genetics, The Public Health Research Institute, New York, New York 10016

Receied October 26, 1995

ABSTRACT: UMP is a highly specific reagent for photoaffinity labeling of the allosteric inhibitor site of
carbamyl phosphate synthetase (CPS) fiesuherichia coliand has been found to be photoincorporated

in the COOH-terminal domain of the large subunit [Rubioal. (1991) Biochemistry 301068-1075].

In the present work we identify lysine 992 as the residue that is covalently attached to UMP. This
identification is based on two lines of evidence. FirstCJUMP is found to be incorporated between
residues 939 and 1006, as shown by peptide mapping and by mass estimat&i1P-peptides
generated by chemical and enzymatic cleavage of CPS. Secondly, we have purified two radioactive peptides
derived exclusively from those enzyme molecule$% of the total enzyme) that had incorporat&tC]-

UMP. Edman analyses show the sequences of the labeled peptides (989)LVNXVHEGRPHIQD and (989)-
LVNXVHE to be overlapping. Since neither a phenylthiohydantoin (Pth) derivative (in cycle 4) nor any
radioactivity is released from the membrane during sequencing, we can conclude that Lys9%Zhnd [
UMP form a covalent adduct that remains bound to the membrane. Formation of this adduct agrees with
all of the evidence and with the finding that UMP labeling prevents trypsin cleavage at Lys992. Lysine
992 is invariant in those CPSs that are inhibited by UMP, and is located 30 residues upstream of the site
whose phosphorylation in hamster CAD reduces inhibition of CAD by UTP. Multiple sequence alignment
of the residues surrounding Lys992 of tGecoli enzyme and the corresponding residues of the yeast and
animal enzymes supports the existence of a uridine nucleotide binding fold in this region of the protein.
We conclude that sequence changes in the binding fold provide a structural basis for the different regulatory
properties found among CPSs |, I, and III.

Carbamyl phosphate synthetase catalyzes the first com-inhibited by UMP and is activated by IMP and by ornithine
mitted step in the urea, arginine, and pyrimidine biosynthetic (Meister, 1989).

pathways. The enzyme from most sources is subject to \with the preparation of crystals suitable for X-ray dif-

allosteric regulation, the nature of the effectors depending fraction studies (Marinat al, 1995; Thoderet al, 1995),

on the physiological role of the synthetase. For example, the three-dimensional structure of carbamyl phosphate syn-

the ureotelic enzyme is activated by acetylglutarhétall thetase may be determined soon, conferring particular value

et al, 1958) whereas thEscherichia colenzyme, whichis  to the location of functional residues in the protein. Using

involved in both arginine and pyrimidine synthesis, is photoaffinity labeling techniques, we have shown previously
that the inhibitor UMP and the activator IMP of tliie coli
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the hamster enzyme binds its inhibitor, UTP, and its activator, estimated by comparison with marker proteins and peptides
phosphoribosyl pyrophosphate. Further evidence implicating (Figure 1A). The distribution coefficienkg) was calculated
the COOH-terminal domain in allosteric regulation comes from the equationkKy = (Ve — Vo)/(Vi — Vo), taking Vo, Vi,
from the finding of Carreyet al. (1985) that the phospho- andV. as the volumes of elution of BSA, mercaptoethanol,
rylation of the pyrimidine-specific hamster enzyme at and the compound of interest, respectively.
Ser1406, which is within the COOH-terminal domain, In a second method (Carnegie, 1965), the samples, mixed
decreases the inhibition by UTP. with 1.5 mg cytochromeC, 1 mg of glucagon, 1 mg of
To further define the structure of the COOH-terminal bradykinin, and 0.4 mg of alanine were lyophilized, dissolved
domain and its function in the allosteric control of carbamyl in 0.6 mL of phenot-acetic acid-water (1:1:1, w/v/v), and
phosphate synthetase, we have identified the site of UMP applied to a Sephadex G-50 (fine) column X150 cm),
binding by sequence analysis of a unidf@-labeled peptide, which was equilibrated and eluted (flow rate, about 10 mL/
isolated after photochemical addition dfGJUMP to the h) by gravity with the same solvent, collecting fractions of
enzyme. We demonstrate that photolabeling is due to theabout 1 mL. The weight, the radioactivity, and the ninhydrin
formation of a covalent adduct between UMP and lysine 992. reactivity (Hirs, 1967) of the fractions were determined.
Analysis of the sequence around this lysine in Ehecoli Ninhydrin assay was done before and after alkaline hydroly-
enzyme and in other carbamyl phosphate synthetases supporisis of the samples. For alkaline hydrolysis, the solvent was
the existence of an uridine nucleotide binding fold located evaporated (6 h at 120C) and the residue was dissolved in
entirely within the COOH-terminal domain of the protein. 0.15 mL of 13.5 N NaOH and incubated 1 h at 1TD.
Samples were adjusted to pH 5 with either acetic acid (after
EXPERIMENTAL PROCEDURES alkaline hydrolysis) or NaOH (no hydrolysis) before ninhy-
drin assay. For the estimation Kf values (Figure 1B)Y,
andV; were taken as the volumes of elution of cytochrome
' C and alanine, respectively.
Cleavage of Asn-Gly Bonds with Hydroxylamin®.01

Chemicals and EnzymegU-*“CJUMP (450 mCi/mmol)
from CEA (Centre d’Etudes Nucleaires, Saclay, France) or
when it became unavailable, [2S]JUMP (46.1 mCi/mmol;

from Sigma) was used.“C-labeled standard proteins for 1,4 of the 25 8-kDa COOH-terminal fragment was incubated
SDS-PAGE were from Amersham (14-200 kDa) or 4 h at 45°C in 0.1 mL of hydroxylamine solution (Bornstein

Gibco-BRL _(3_43 kDa). Proteases (sequencing gradt_a) WETe ¢ Balian, 1977). The digestion was terminated withi4
from Boehringer Mannheim or Sigma. Somatostatin and ¢, mic acid and 0.4 mL of 60% acetonitrile containing 0.1%
GnRH were a gift from Serono. Bradykinin, oxytocin, and i oracetic acid. The mixture was applied to a Sephadex
ACTH were from Boehringer Mannheim, Sandoz, and Ciba, _>5 column (1.5« 5 cm) which was equilibrated and eluted
respectively. Other protein and peptide markers were from i the acetonitrile solution. The radioactive material was
Sigma. All reagents were of the highest quality available .o, ered in the excluded volume and was lyophilized,

from Merck, Sigma, Boehringer Mannheim, or ICN. dissolved with heating at 108C in a solution of 10 mM

E. coli carbamyl phosphate synthetase was purified and sodium phosphate, pH 7.2 containing 7 M urea, 1% SDS,
was photoaffinity labeled withCJUMP as described (Rubio 194 2-mercaptoethanol and 0.01% bromophenol blue, and
et al, 1991). The 25.8-kDa COOH—ter_m|.naI fragment of subjected to SDSurea-PAGE using lower and upper gels
the large subunit was generated by limited V8 protease of 150 and 3.5% polyacrylamide, respectively, containing
digestion and isolated by HPLC (Rubet al, 1991). The (.1 M sodium phosphate, pH 7.2, 0.1% SDS, and 6 M urea
specific radioactivity of the fragment was (+3) x 10° [Shapiroet al,, (1967), as modified in BRL Catalogue 1981/
cpm/mg of protein. 82]. These gels are suitable for separation of low molecular

Reversed-Phase HPLC.Peptides were separated on a weight proteins. The gels were fixed in a solution of 10%
Vydac 5um C-18 column (type 218TP54, 0.46 25 cm) acetic acid, 10% trichloroacetic acid, 30% methanol, 0.1%
using (unless stated) a 60-min linear gradient (0 to 76%) of CuSQ, and 6% formaldehyde and were used for fluorog-
acetonitrile containing 0.1% trifluoracetic acid, at a flow rate raphy (Bonner & Laskey, 1974). Alternatively, the unfixed
of 1 mL/min. Fractions were collected at 1-min intervals, gels were cut perpendicularly to the migration axis in 3.5-
and the radioactivity was determined by liquid scintillation mm slices and solubilized by 12-h incubation at°€Dwith
counting. For sequence analysis, peak fractions detected by).6 mL of a solution of 20% HCIQand 20% HO,, and the
monitoring the absorbance at 214 nm were collected manu-radioactivity in each slice was determined.

ally. CNBr Cleaage. The 25.8-kDa COOH-terminal fragment
Estimation of the Mass of Labeled Fragments by Gel (0.01 mg/mL) was incubated with 0.24 mM CNBr in 70%
Filtration Chromatography. The method of Belewet al. formic acid at 24°C (Charbonneau, 1989). After the

(1978), which utilizes a Sephacryl S-200 column, was indicated periods, 0.1-mL samples were mixed witpl5
modified by using as eluant 0.1 M Tris-HCI, pH 7.2, of a solution of 0.1 mg of BSA/mL, lyophilized, and the
containing 0.4% SDS, instead of 6 M guanidine hydrochlo- residue was subjected to SB8rea—PAGE.

ride. The sample, mixed with 3 mg of BSA, 2 mg of For NHx-terminal sequencing of the 13-kDa CNBr product,
RNAase, 2.7 mg of GnRH, and 0.6 mg of glycine, was the 25.8-kDa fragment (0.25 mg) was digested with G0®I
dissolved in 1 mL of 0.1 M Tris-HCI, pH 7.2, containing of CNBr in 0.35 mL of 70% formic acid for 13 h, and the
2.5% SDS and 10% mercaptoethanol, boiled 5 min, cooled reaction was terminated by injecting the entire sample to the
to 25°C, and applied to the column (1:686.5 cm). Flow HPLC system.

rate was 18 mL/h, and 2-mL fractions were collected and Extensie Digestions with ProteasesExcept where
assayed for absorbance at 280 nm, radioactivity (cpm), SHindicated, the incubations were done at°5for 24 h in a
groups (Novoeet al,, 1966), and ninhydrin reactivity (Hirs,  volume=<0.5 mL, the amount of peptide substrate wss0
1967). The mass of each of the radioactive peptides wasug, and the protease was added at the start and again after
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Ficure 1: Plots used for the estimation of the molecular weight of peptides by gel filtration on (A) Sephacryl S-200 in the presence of SDS
and (B) Sephadex G-50 in phenol:acetic acid:water (1:1:1). ®ABSA; O, aldolase O, ribonuclease Aa, ubiquitin; v, glucagon;|,
somatostatina, GnRH; v, oxidized glutathione, glycyl-glycine;™, glycine; ©, 2-mercaptoethanol. (B}, insulin; W, chain B of insulin;
O, glucagonil, ACTH; A, somatostatina, angiotensin I, GnRH;©, angiotensin I1®, bradykinin; ¥, oxytocin; v, leu-enkephalinfl,

oxidized glutathione.
12 h. Digestions were terminated by injection into the HPLC

The protein was then placed in 0.125 M Tris-HCI, pH 6.8,

system. The radioactive material remained unchangedcontaining 0.5% SDS, by passage through Sephadex G-25

(shown by HPLC) in control incubations without protease.
The 25.8-kDa fragment was digested with trypsin (&)
mL per addition) at 37C in 0.1 M NHHCGO; containing 2

M urea. Digestions with V8 protease (1@/mL, with up

to five readditions at 12-h intervals) were done in 0.21 M
Tris-HCI, pH 7.4, in the presence of 10% acetonitrile and/
or 0.1% SDS. Alternatively, 50 mM NHCOs, pH 7.8,
containing 2 M urea was used. Tryptic digestion of the
minimal V8 proteasé“C-labeled fragment was carried out
at 37°C using 1ug of trypsin/mL, with readditions after 5
and 12 h. Digestions of the 25.8-kDa fragment with
endoproteinase Arg-C (0.2 mg/mL) or Lys-C (#8/mL)
were carried out for 20 h in a solution of either 0.22 M Tris-
HCI, pH 7.4, containing 2 mM dithioerythritol, 1 mM Cagl

and 10% acetonitrile, or, for endoproteinase Lys-C, in 0.25
M Tris-HCI, pH 8.6. The same results were obtained using

20 ug of endoproteinase Lys-C/mL at 3T, in a solution
of 25 mM Tris-HCI, pH 8.5, containing 1 mM EDTA and
20 mM methylamine.

Isolation of [1“C]Peptides for NH-Terminal Sequencing.
In order to selectively digest the COOH-terminal 18 kDa of

(PD-10 column; from Pharmacia). Then, the COOH-
terminal fragment of 25.8 kDa was generated exclusively
from the UMP-labeled enzyme molecules (the enzyme
molecules that remain uncleaved after the limited tryptic
digestion) by incubation with V8 protease (%@/mL) for

25 min at 37°C. The incubation was terminated by heating
5 min at 100°C, and the 25.8-kDa fragment was isolated
(Rubio et al, 1991). About 1 nmol of this fragment was
digested with trypsin (1.29) at 35°C for 24 h, in 0.2 mL

of 0.1 M NH;HCGO; containing 20 mM methylamine and 2
M urea (Stoneet al, 1989). The resulting “minimal™fC]-
peptide was isolated by HPLC using a 60-min linear gradient
(9.5%—38%) of acetonitrile in 0.1% trifluoroacetic acid.

During HPLC isolation of the 25.8-kDa fragment prepared
selectively from the ¥CJUMP-labeled enzyme molecules
(see previous paragraph), about 15% of the radioactivity was
eluted as an early peak (30% acetonitrile). This fraction
consisted of the “minimal™fC]tryptic peptide (see Results).
About 0.5 nmol of this peptide was digested with V8 protease
(1 ug) for 24 h at 25°C in 0.5 mL of 40 mM NHHCO;,

the large subunit from the enzyme molecules that do not PH 7.8, and the resulting labeled peptide was isolated by

incorporate UMP (about 95% of the enzyme; Rubio et al.,

1991), the enzyme (1.4 mg/mL), after photoaffinity labeling,
was incubated with trypsin (1.2ag/mL; bovine, from
Boehringer Mannheim), at 37C, in 0.12 M sodium

HPLC, using a 60-min linear gradient (149%2%) of
acetonitrile in 0.1% trifluoroacetic acid.

The amino-terminal sequences were determined at the
Servicio de Secuencidaioof the University of Barcelona

phosphate, pH 7.7. The digestion was stopped after 12 minby automated Edman degradation with an Applied Biosys-

by adding 2 mM PMSF and boiling for 5 min in 0.5% SDS.

tems 470A Protein Sequencer. The Pth derivatives were
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FiGure 2: Strategy used to identify the region where UMP is bound. The scale corresponds to the numbering of residues in the large
subunit ofE. colicarbamyl phosphate synthetase (Nyunoya & Lusty, 1983). The horizontal bars represent the large subunit or its fragments,
indicating the number of the NHerminal residue of each fragment and the mass in kDa (as deduced from the sequence) of the fragments
where UMP has been shown to be attached. The cleavage techniques used are indicated to the right, giving in parentheses the specificity
of the cleavage. The black box at the bottom represents the minimal region within which UMP is attached. The cleavage sites of V8
staphylococcal protease or 70% formic acid were reported by Ratab (1991). The site of cleavage by trypsin was identified by Bueso

et al. (1994).

analyzed on an Applied Biosystems 120A on-line HPLC kba Sd H C CNBr
system using a microbore C-18 Brownlee column. I5h 6h 24h
RESULTS 43.0

Mapping of the UMP Site by Chemical Cleme. In »1 -
earlier photolabeling studies we showed (Rustial.,, 1991; 18.4 -
Buesoet al, 1994) that UMP is attached to the COOH- -
terminal domain downstream of Arg911 (Figure 2). In the 13.3 - e
present experiments, we use hydroxylamine or CNBr to
localize in more detail the site of attachment 5JJUMP
in the COOH-terminal 25.8-kDa fragment generated by 6.2 .

limited digestion of the enzyme with V8 protease. This

fragment (residues 836L072) contains two Asn-Gly bonds 3.0

at residues 10061007 and 104445 (Nyunoya & Lusty, .
1983). Hydroxylamine, by cleaving at these bonds, should

ggnerate products of 18.4, 4.4, anq 2.9 kDa (Flgure 2)- Ficure 3: Cleavage of the UMP-labeled 25.8-kDa fragment by
Figure 3 shows that after cleavage with hydroxylamine, the hydroxylamine (H) or CNBr, analyzed by SBSrea-PAGE and

radioactivity migrates in SDSurea-PAGE according to a  fluorography. The figures at the top denote the number of hours of
mass of 18.4 kDa, indicating that UMP is attached to the incubation with CNBr. The period of incubation with hydroxyl-

large fragment. No labeled fragment smaller than 18.4 kDa amine was 4 h. C, undigested control. Sttf;-labeled molecular
was detected by fluorography or by scintillation counting of ‘l"’e'ght standards. The masses of the standards are shown to the
. . - eft. For further details see Experimental Procedures.

a sliced unfixed gel. The presence of a faint band of 23

kDa is consistent with partial cleavage at Asn1044 only. indicating that UMP is attached to the 12.6-kDa fragment.
The 25.8-kDa fragment contains 6 methionines (Figure NHx-terminal sequencing (see Experimental Procedures)

2), so that CNBr digestion should produce one 12.6-kDa confirmed that cleavage occurred at Met938. The faint band

fragment and six smaller<6 kDa) fragments. After  of 15 kDa observed (Figure 3, CNBr), particularly with short

treatment with CNBr 90% of the radioactivity migrated in incubations, reveals some partial cleavage either at Met938

SDS-urea~PAGE with a mass of 12 kDa (Figure 3), oratMetl051. Taken together, the results of cleavage with
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Ficure 4: HPLC elution profiles of the radioactive products of
exhaustive digestion with different proteases of the 25.8-kDa
COOH-terminal fragment generated from the UMP photoaffinity
labeled enzyme. (A) 25.8-kDa fragment prior to digestion and (B,
D, G) after digestion with trypsin, V8 staphylococcal protease, or
endoproteinase Lys-C, respectively. (C) Digestion with V8 protease
in the presence of 10% acetonitrile and 0.1% SDS of the material
eluted at min 21 in B. (E, F) Digestion with trypsin and with
endoproteinase Arg-C of the material eluted at min 24 in D. The

40 50 60

broken line represents the concentration of acetonitrile. The actual

number of counts is not shown for simplicity and for superimposi-
tion of replicate experiments (at least two per profile) in which up
to 100-fold different amounts of radioactivity (range, 0D 000
cpm in the highest peak) were used.

hydroxylamine and with CNBr show that UMP is attached
to the protein between residues 939 and 1006 (Figure 2).

Peptide Mapping of the SiteWhen the 25.8-kDa fragment
was digested with trypsin, a single radioactive product was

Biochemistry, Vol. 35, No. 22, 199251

Table 1: HPLC Retention Time and Mass Estimate by Two Gel
Filtration Methods of the Radioactive Peptides Generated by
Exhaustive Proteolytic Digestion of the 25.8-kD&JJUMP-Labeled
Fragment

molecular mass (Da)

retention ~
protease (s) time (min) S-200 G-50 X

none 41 25500 >6600
trypsin 21 2731 2193 2462
trypsin+ V8 19 355 650 503
trypsin+ V8 + SDS 26.5 2566 1936 2251
V8 24 2085 1005 1545
V8 + trypsin 19 472 596 534
V8 + endoproteinase Arg-C 19 417 647 532
endoproteinase Lys-C 32 5231 4874 5052

(minor peak) 26 3551 3213 3382
endoproteinase Lys#Ct+ V8 24 2042 1089 1566

aV8 digestion of the major product (retention time, 32 min) of
endoproteinase Lys-C digestion.

arginine, respectively. Further, the 0.5-kDa peptide corre-
sponds to the region of overlap shared by the two longer
fragments.

Endoproteinase Lys-C is expected to generate few frag-
ments (Table 2) from the enzyme region (residues-939
1006; Figure 2) where UMP is attached, and thus the
identification of the resultant labeled products is more
straightforward than with other proteases that cleave more
frequently. Digestion of the 25.8-kDa fragment with en-
doproteinase Lys-C yielded a major late-eluting radioactive
product having a mass of about 5 kDa and an earlier minor
(<30% of the radioactivity) component of approximately 3.4
kDa (Figure 4G and Table 1). From the large mass of these
fragments we confirmed that trypsin cleaves a bond involving
arginine to generate the 2.5-kDa fragment. The 3.4-kDa
fragment generated with endoproteinase Lys-C might cor-
respond to either peptide KV or K—VII (Table 2).
Attachment of UMP to K-VII is considered unlikely,
because Asn1006 is part of the Asn-Gly bond which is
cleaved by hydroxylamine and is the only residue ef\I
that is located within the UMP-labeled region (residues939
1006). Furthermore, photochemical addition of UMP to
Asn1006 would prevent hydroxylamine cleavage of this Asn-
Gly bond, which is clearly not the case. The endoproteinase
Lys-C 5-kDa product may correspond to¥ + K—VI
(Table 2), which would be generated if the proteinase was
unable to cleave the bond at Lys992. As predicted from
the sequence of KV + K—VI, digestion of the 5-kDa
fragment with V8 protease yielded the identical 1.5-kDa

obtained. The product eluted early from the reverse-phaselabeled peptide observed with V8 digestion of the 25.8-kDa

column (Figure 4B), and exhibited a mass of about 2.5 kDa

fragment (data not shown). Only the minimal V8 peptide

(Table 1). The 2.5-kDa labeled peptide was susceptible to (983)AGINPRLVNKVHE meets all the requirements de-
cleavage by V8 protease (Figure 4C), and when SDS andmanded of K-V + K—VI by the experimental results. A

acetonitrile were present yielded radioactive products of
about 0.5 and 2.25 kDa (Table 1). However, under condi-

part of the sequence (underlined) is found iR-¥ its
calculated mass is close to the observed value of 1.5 kDa, it

tions which ensured cleavage solely at glutamate residuescontains internal arginine, and its tryptic products include a

(Drapeau, 1977), only the 0.5-kDa product was released.

Digestion of the 25.8-kDa fragment with V8 protease yielded
a single radioactive fragment (Figure 4D) of about 1.5 kDa
(Table 1), which was susceptible to cleavage both by trypsin
and by endoproteinase Arg-C (Figure 4E,F), yielding the 0.5-
kDa peptide with either of the two proteases (Table 1).

peptide of about 0.5 kDa, (983)AGINPR, whose sequence
is preceded by glutamate and terminated with arginine.
Moreover, if the bond involving Lys992 is resistant to tryptic

cleavage, then the tryptic digestion would also give the
peptide (989)LVNKVHE, which also has a mass close to
0.5 kDa and is bounded by arginine and by glutamate.

These results indicate that the 2.5-kDa tryptic peptide and Sequencing studies (see next section) confirmed the resis-

the 1.5-kDa V8 fragment contain internal glutamate and

tance to trypsin of the bond involving Lys992.
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Table 2: Predicted Minimal Endoproteinase Lys-C Peptides That Constitute the UMP-Labeled Region (Resictl€98B9

N-terminal molecular
peptide residue amino acid sequence mas§ (Da)
K—I 930 AQLGSNSTM*KK 1036
K=II 941 HGRALLSVREGDK 1419
K=l 954 ERVVDLAAK 1000
K—=IV 963 LLK 355
K-V 966 QGFELDATHGTAIVLGEAGINPRLVNK 2822
K—=VI 993 VHEGRPHIQDRIK 1585
K=Vl 1006 N*GEYTYIINTTSGRRAIEDSRVIRRSALQYK 3459

a2 The peptides that would result from cleavage at lysine of the sequence Bf tw@i enzyme (Nyunoya & Lusty, 1983) are shown, ordered
from more amino- to more carboxyl-terminal. The peptides cover the entire region delimited between the sites of CNBr and hydroxylamine
cleavage (indicated by asterisks) that set the boundaries to the UMP-labeled Pédaacular masses calculated from the published sequence.

NHz-Terminal Sequence of UMP-Labeled Peptid&mce absence of Pth-Lys in cycle 4, the radioactivity was retained
only ~5% of the enzyme molecules incorporate UMP upon in the membrané. These results confirm that UMP is
UV-irradiation (Rubioet al, 1991), we found that it is  attached to the peptide (989)LVNK as a covalent adduct of
essential to separate the UMP-labeled and unlabeled peptidelysine 992.
before amino acid sequence analysis. By exploiting the
differences between UMP-labeled and unlabeled enzymeDISCUSSION
molecules in their susceptibility to limited tryptic digestion ) )
(Rubio et al, 1991), we isolated after limited sequential Our present results show that photochemical reaction of

digestions with trypsin and V8 protease (see Experimental carbamyl phospha;e synthetase with the inhibitor UMP
Procedures), the 25.8-kDa COOH-terminal fragment with "€Sults in the formation of a covalent adduct of the nucleotide
about 20-fold increased specific radioactivity (cpei ratio). and a single amino acid residue (lysine 992) located in the
This purified UMP-labeled fragment was digested with COQH-termmaI domain of the Iar_ge _subunlt. In mc_)del

trypsin, yielding the UMP-labeled 2.5-kDa peptide that was studies (Schott & Shetlar, 1974) lysine is found to be highly
used for NH-terminal sequencing. The sequences STGEV- reactive in the photochemical addition to uridine, and detailed

MGVGR and LVNXVHEGRPHIQD (X indicates that no studies of the photochemical reactions of 1,3-dimethyluracil
Pth derivative was observed) were obtained and were With 1-aminopropane (used as an analog of the lysine side

identified in the primary structure of the large subunit, chain) demonstrated the formation of four products resulting
beginning, respectively, at residues 912 and 989 andfrom addition of either the amino nitrogen or carbon 1 of

following in both cases an arginine residue. Only the peptide (€ @mine to carbons 5 and 6 of the uracil ring (Gorelic.
(989)LVNKVHEGRPHIQD is within the region (residues al., 1972). More than one product might also be formed in

939-1006) shown to be labeled with UMP (Figure 2) and the photochemical addition to UMP of lysine 992 of
contains the sequence (989)LVNK, which we found (see carbamyl phosphate synthetase, because even though the

previous section) to be one of the two candidate sites for modified lysine becomes entirely refractory to cleavage by

UMP attachment. The failure to identify Lys992 in this trypsin, a small but substantial fraction is still cleaved by
peptide by sequence analysis, the lack of cleavage by trypsine'?ltlj‘)pmte"f‘aS(;a LyT'C.’ mcE;caEpg that at least one adduct is
at this lysine, and the partial cleavage by endoproteinaseSt!! 'ecognized as lysine by this protease.

Lys-C (see previous section) indicate that Lys992 is co-  The large subunit dE. colicarbamyl phosphate synthetase

valently attached to UMP. The bond in Arg-Pro, which was (Nyunoya & Lusty, 1983) contains 56 lysines and at least
also uncleaved in the 2.5-kDa peptide, is known to be 163 additional residues capable of photochemical addition

resistant to trypsin (Allen, 1989). to uracil (Schott & Shetlar, 1974). The fact that only lysine
As an unexpected Secondary product of the HPLC Separa_992 adds to UMP demonstrates the extreme specificity of
tion of the UMP-labeled 25.8-kDa fragment, we also isolated the reaction, implying that lysine 992 is located in the binding
an early-eluting radioactive peptide (see Experimental Pro- Site for UMP and that it interacts with the pyrimidine ring.
cedures), which, upon characterization (HPLC analysis, mass,T he absence of lysine in the equivalent position of hamster
and susceptibility to proteases), was found to be the 2.5-CAD (Figure 5, marked with an arrow) not only explains
kDa tryptic fragment, highly enriched in the UMP-labeled the poor photoaffinity labeling of this protein with its
form. Thus, in contrast to the majority of the UMP-labeled inhibitor UTP (V. Rubio and E. A. Carrey, unpublished
enzyme molecules, some (perhaps, those photolytically €xperiments) but also shows that lysine itself is not essential
damaged) of the labeled molecules appear to be h|gh|yf0|’ the blndlng of the pyrlmldlne inhibitor. POSSibly, the
susceptible to trypsin, yielding, already in the initial tryptic lysine residue contributes to the affinity of binding of the
treatment, the UMP-labeled 2.5-kDa fragment. We digested nucleotide, because thk; for the pyrimidine inhibitor
the 2.5-kDa fragment with V8 protease, and the resulting (Anderson & Meister, 1966; Paulus & Switzer, 1979) is
UMP-labeled 0.5-kDa peptide was isolated and sequenced significantly lower in theE. coliand the pyrimidine-specific
The NH-terminal sequence obtained, LVNXVHE, is, as Bacillus subtiliscarbamyl phosphate synthetases that contain
expected, a part of the sequence of the 2.5-kDa tryptic this lysine (Figure 5), than in the pyrimidine-specific
peptide. Even though the Pth derivatives in cycleggave ~ enzymes from hamster (Liet al., 1994) and yeast (Denis-
a very good signal in the HPLC analysis, no other amino Duphil, 1989), which lack the analogous lysine.
acid derivatives were detected in three additional cycles of

sequencing. As in sequence analysis of the 2.5-kDa tryptic  2The amount of the Pth-Lys992-UMP adduct was too small for
peptide, Lys992 was not detected. Consistent with the further chemical or mass spectrometry characterization.
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INHIBITOR
v A — * 0 v

uTp HAM 1347 GTABFYTEHGYKVTAYDWHFEE - AVDGECP - - - PQRSTLDQLAENHFEL ¥INESMRGAGGRRL SSFVTKGYRTRELAAD
SHIT 1352 GTADFYTEHGVKIKAVDWPFEDT - -DNGCPLKERHRNIMDYLEENHF DLV ENL SMRNSGGRRL SSFVYTKGYRTRRLAVE
DROS 1365 GTADFY-ANGYNVESYQWTFDKTTPDDING- - - ELRHLAEFLANKQFDE VENE PMSGGVPRRVSSFMTHEYRTRRLAVE
DICT 1324 GIAUFYSENGYPVTQLNWDEEDLGENVIQKK--~------- MTENTIHL FENLPSK -NKYRRPSSFMSRGY.SLRRVALR
URA2 1394 GIABFLSEHGIAVQYLSLNKD- - - -DDDQK - - - SEYSLTQHLANNE IDLY BRI S - ANRFRRPASYVSKGYKTRRLAVD

UMP BSUP 969 GIAGYLKEASTPAKVYGKIGQD-GPN----------- LLDVIRNGEAQFVINTLT - - -KGKQPAR- - -DEFRIRRESYE
BCAP 969 GIAETLKAABIPYTVYNKIHSA-SPN----------- ILDVIRQGKAQVVINTLT - - -KGKQPES - - -DGFRIRREAVE
ECO 975 GIATVI GEAGINPRLYNKVHEG-RPH----------- TQDRIKNGEYTYIINTTS- - - -GRRALE - - -DSRVIRRSALQ
MET 293 GEVNYL AQHGYFMDVYKKVHDG-SPN- - - - - - - - -- - VIDMMRRDEVNE TINTET - - - - SKQSRR- - -DESRIRRAANE

NONE (no effectors) BSUA 954 GI--FAS---------- WMEQE-GN---------ommme e SEHINESGS----------- EEARKERLEAMT
CPA2 999 EITKTYLQEHIK-EKNAKVSLIKFP-KNDK- - -RKLRELFQEYD- - IKAVFNEAS - - - - - KRAESTDDVDY IMHRNATD

NONE (AcGlu activation) SHITI 1394 GESTWENVNDMPTAPYSWPTAE - - - -DHSS- - - SAPSFTKLIHDGY IDEVEREEN- - - - - - NNTRFMRENYL IRRMATH
FROG 1390 ATABWLNANDITATPYAWPSQE - - - -GOSG- - -P-SSTYKLIKEGNIDMVEMEPN- - - - - - NNTKYVRDNFALRRTAYE
RAT 1393 ATSDWLNANNVPATPYAWPSQE - - - -GONP- - - SLSSIRKL IRDGS IDL VENEEN- - - - - - NNTKFVHDNYVIERTAVD
HUM 1393 ATSDWLNANNVPANPYAWPSQE - - - -GONP - - - SLSSTRKL TRDGSIDL VENEBN - - - - - - NNTKFVHDNYVIRRTAVE

Ficure 5: Alignment of carbamyl phosphate synthetase sequences in the region of the putative effector binding fold. The alignment is
based on and extends that of Simmaeal. (1990). Shadowing indicates conservation of a residue in at least eight of the 15 sequences. The
arrow signals the residue corresponding in the different carbamyl phosphate synthetases to lysinE.98#li.ofhe symbolsa and v

denote an invariant asparagine and an invariant arginine, respectively. The horizontal line and the asterisk indicate, respectively, the glycine-
rich sequence GAGGR and the serine that is phosphorylated by cAMP-dependent protein kinasee(@art&@5) in hamster CAD. The

small circle indicates a basic residue found in the UTP-inhibited enzymes that is replaced by an acidic residue in the UMP-inhibited or
acetylglutamate-activated enzymes. Unless indicated, the sequences were taken from the Swiss-Prot data bank, release 31. HAM hamster
CAD; SHII, CAD from shark (Honget al,, 1995); DROSP. melanogaster CAIDn this case the conserved residues 136367 are given

according to Simmeet al. (1990), who used for these residues a reading frame differing from that used in the original publication (Freund

& Jarry, 1987)]; DICT, the pyrimidine-specific enzyme frobictyostelium discoideunfFaureet al. 1989); URA2, the product of the

URA2 gene fromSaccharomyces carnsiag BSUP and BCAP, the pyrimidine-specific enzymes frBrrsubtilisandBacillus caldolythicus
respectively; ECO, carbamyl phosphate synthetase fowoli; MET, carbamyl phosphate synthetase frivinbarkeri (in this case only

part of the sequence of the enzyme is available); BSUA and CPA2, arginine-specific carbamyl phosphate synthetBsesiffitdisand

S. cereisiag respectively; SHIII, carbamyl phosphate synthetase Ill from shark (Hdrad, 1994); FROG, RAT and HUM, carbamyl
phosphate synthetase | from frog (Helbing & Atkinson, 1994), rat, and human, respectively.

On the basis of the alignment of the sequences (Figure 5)is replaced by a tryptophan (Figure 5). In the pyrimidine-
surrounding the residue corresponding to the labeled lysinespecific enzymes from these organisms, the tryptophan is
(marked with an arrow in Figure 5), the carbamyl phosphate located within the context (V/L)XWXX(D/E) and the py-
synthetases fall into distinct groups, which reflect the nature rimidine inhibitor is UTP rather than UMP. In the pyrimi-
of their allosteric effectors. In the pyrimidine-specific dine-specific yeast enzyme (Ura2) the corresponding se-
enzymes fromBacilli and in the synthetase froi. coli, guence agrees with the signature sequence, except for the
which are inhibited by UMP, the lysine is present in the replacement of lysine by leucine rather than tryptophan. It
sequence (V/L)VXK(I/V). This sequence is also present in appears that the use of UTP rather than UMP is associated
Methanosarcina barkericarbamyl phosphate synthetase, with the replacement of the lysine by a residue of increased
suggesting that this uncharacterized bacterial enzyme ishydrophobicity. In the ureotelic or ureosmotic enzymes,
involved in pyrimidine biosynthesis and is inhibited by UMP. which are insensitive to nucleotide effectors but which are
In contrast, in the arginine-specif8. subtilisenzyme, an activated by acetylglutamate, the tryptophan found in mul-
enzyme that is not inhibited by UMP, the sequence (V/L)- ticellular organisms is part of another signature sequence,
VXK(I/V) is missing. In this enzyme the lysine is replaced PV(A/S)WP(T/S)(A/Q)E. The conservation of this signature
by tryptophan, which is preceded by a 10-residue deletion. from shark to man suggests that this sequence is functionally
In addition, there is an even longer deletion beginning eight important in this group of enzymes, perhaps for the binding
residues downstream of the tryptophan and ending four of acetylglutamate. In fact, this signature sequence is within
residues upstream of an invariant asparagine residue foundhe region of the rat liver enzyme (residues 135#67) that
in all carbamyl phosphate synthetases of known sequencereacts with the acetylglutamate analdgrchloroacetyl:-
(marked with the symbad in Figure 5). Clearly, the deleted  glutamate, in photoaffinity labeling experiments (Bendala,
regions are not essential for catalysis or for the structural 1993).

stability of the protein. Since the arginine-specBicsubtilis A second region of the C-terminal domain that appears to
enzyme is not subject to regulation by allosteric effectors, e jhyolved with binding of nucleotide effectors was identi-
the delgted regions represent loss of the binding site for thefied in CAD by the experiments of Carrey al. (1985), who
nucleotide effector. showed that phosphorylation of serine 1406 (marked with
As in the arginine-specific enzyme fromBacilli, the  an asterisk in Figure 5) reduces inhibition by UTP. The
arginine-specific enzyme from yeast is also not modulated sequence of theE. coli enzyme corresponding to the
by allosteric effectors (Pl’icet al., 1978) In this case the phosphory|ation site in CAD is located 30 residues down-
alignment (CPA2, Figure 5) shows that while the lysine is stream of lysine 992, centered between the invariant aspar-
conserved, the (V/L)V residues that are found upstream of agine and an invariant arginine that is found in all carbamyl
lysine in the signature sequence of the UMP-regulated phosphate synthetases sequenced thus far (marked with the
enzymes, are not conserved in the yeast enzyme, suggestingymbol v in Figure 5). Both the invariant asparagine and
that (V/L)V is important for binding of the effector. arginine are flanked by highly conserved residues. The
In the carbamyl phosphate synthetases from multicellular sequence between the two conserved clusters is five to seven
organisms (includindictyostelium discoideujrthe lysine residues longer in the carbamyl phosphate synthetases that
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are inhibited by UTP than in those that are inhibited by UMP are located within the deleted region. Czerwinskial.

or that are insensitive to nucleotides. It is reasonable to (1995) also found that enzyme forms with mutations at
expect this region to be longer in the enzymes that are threonine 976 or at glycine 967 become insensitive to UMP,
inhibited by UTP than in those that are inhibited by UMP, this effect being highly selective for UMP in the T976A

if the region accommodates the polyphosphate chain of UTP,mutant. Although the binding of UMP was not assayed in
as suggested by the phosphorylation results with CAD. these studies, the fact that these residues are only 16 and 25
Loops that accommodate the polyphosphate chain of poly-residues from lysine 992 agrees with our localization of the
nucleotides are flexible and generally are enriched with UMP binding fold in this region of the protein.

glycine (Yamaguchet al, 1993). Hamster CAD contains
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