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ABSTRACT:. We have developed a mass spectrometry based method for the identification of linker regions
and domain borders in multidomain proteins. This approach combines limited proteolysia-ged
proteolytic digestions and was applied to the determination of linkers in the transcription factor NtrC
from Escherichia coli Limited proteolysis of NtrC with thermolysin and papain revealed that initial
digestion yielded two major bands in SDS-PAGE that were identified by mass spectrometry as the R-domain
and the still covalently linked OC-domains. Subsequent steps in limited proteolysis afforded further cleavage
of the OC-fragment into the O- and the C-domain at accessible amino acid residues. Mass spectrometric
identification of the tryptic/thermolytic peptides obtained aftegel total proteolysis of the SDS-PAGE-
separated domains determined the domain borders and showed that the protease accessible linker between
R- and O-domain comprised amino acids Val-131 and GIn-132 within the “Q-linker” in agreement with
papain and subtilisin digestion. The region between amino acid residues Thr-389 and GIn-396 marked
the hitherto unknown linker sequence that connects the O- with the C-domain. High abundances of proline-,
alanine-, serine-, and glutamic acid residues were found in this linker structure (PASE-linker) of related
NtrC response regulator proteins. While R- and C-domains remained stable under the applied limited
proteolysis conditions, the O-domain was further truncated yielding a core fragment that comprised the
sequence from lle-140 to Arg-320. ATPase activity was lost after separation of the R-domain from the
OC-fragment. However, binding of OC- and C- fragments to specific DNA was observed by characteristic
band-shifts in migration retardation assays, indicating intact tertiary structures of the C-domain. The outlined
strategy proved to be highly efficient and afforded lead information of tertiary structural features necessary
for protein design and engineering and for structtftenction studies.

To study the structure and function of a multidomain approach reveals information about the protein structure in
protein it is often useful to separately express and analyzesolution and is applicable to proteins with unknown homolo-
the individual domains. In addition, domain swap experi- gies. Borders of domains and linkers in multidomain proteins
ments help to elucidate the specific functions of different can be determined when proteases with broad specificities
modules, affording lead information of functional and are applied). Limited proteolyses of peptide bonds cleaving
(tertiary) structural features necessary for protein design andat susceptible surface areas have been used to determine the
engineering. These routes require precise knowledge aboutlexible interdomain linker of the soluble CytR regulata) (
the exact boundaries of the domains. Protein domains mayand to characterize loop regions in membrane proteshs (
be estimated by carrying out sequence alignments usingpy radiolabeling or IR spectroscopy. The combination of
sequence database entries of homologous proteins and/or ofmited proteolysis with mass spectrometric methods has been
the same protein from different organisms. An alternative described recently for the study of protein tertiary structures
method to determine the exact boundaries of the domains isgf small proteins 4—6) by creating peptides with masses
to perform limited proteolyses of a protein of interest and \ye|| pelow 10 kDa. Precise molecular mass determinations
subsequent identification of the fragments. This experimental anapled the identification of cleavage sites in loops connect-

ing secondary structure elements from the peptide mixtures
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multidomain protein that contains 469 amino acid residues, performed as described previousB3(34), with the excep-
was chosen to test the outlined mass spectrometric methodion that after the heparin-Sepharose column a DEAE-
for determining the exact boundaries of its domains. It Sepharose column (CL-6B Sepharose, Pharmacia Biotech,
consists of (i) an N-terminal receiver domain (R) that Freiburg, Germany) in Tris[HCI] buffer with a linear NaCl
becomes phosphorylatetig, 17), (i) a central output domain  gradient was applied yielding in highly purified NtrC (34
(O) that bears ATPase activity§ 19), and (iii) a C-terminal mg total). The concentration of NtrC was estimated from
DNA-binding domain (C) that is also required for dimer- the absorbance at 280 nm, using”»= 9.1 as calculated
ization @0, 21); for review of theo® bacterial enhancer  from the amino acid compositior3®).
binding protein family, see ref2 and23. The particular Limited Proteolysis of NtrCLimited proteolysis of NtrC
activity properties assigned to the respective domains werewith thermolysin and subtilisin, respectively, was conducted
determined studying individually expressed NtrC fragments for 2 h at 37°C. NtrC was dissolved in 50 mM Tris-HCI,
of defined lengths and sizes. However, no particular attention pH 7.5, that contained 50 mM KCI, 5 mM CatChand 20%
had apparently been given to determine whether the activeglycerol. Papain digestions were performed foh at 37
fragments resembled the structural domain units or not. °C. NtrC was dissolved in 40 mM Tris-HCI, pH 7, that
Information about tertiary structures of NtrC domains is contained 40 mM KCI, 4 mM MgG| 0.8 mM EDTA, 2
limited and mostly based on predictions. The C-terminal mM DTT, and 20% glycerol. Enzyme/substrate ratios were
domain of NtrC has been proposed to adopt a fold similar varied from 1:6912 to 1:54afw). A time-course of digestion
to that of the FIS dimer based on sequence alignments andanging from 10 mind 2 h was performed using the enzyme/
estimation of homology boxe&1). The architecture of the  substrate ratio of 1:864 (w/w). In all experiments, final NtrC
central output domain has been suggested to resemble thatoncentration was 0.68 mg/mL. Sample solutions were
of classical folds found in mononucleotide-binding proteins dialyzed against 2% acetic acid/methanol (9:1, v/v) using a
by secondary structure prediction and fold recognition cellulose membrane (MWCO 3500; Carl Roth GmbH & Co,
algorithms R4). The structure of the N-terminal domain of Karlsruhe, Germany) prior to mass spectrometric analyses.
NtrC has been derived from structural data obtained by Gel Electrophoresis of NtrC FragmentSDS-polyacryl-
multidimensional NMR spectroscopy of the individually amide gel electrophoresis was performed according to
expressed receiver domain Ng@25). Information about previous descriptions36, 37) using a BioRad Mini-Protean
the interdomain linker regions is also sparce. The linker Il system (Biorad, Munich, Germany). Staining was carried
sequence connecting the R- and O-domains has been assigneslit with 0.02% Coomassie Brilliant Blue G-250 in 10%
upon exploration of NtrC sequences from database entriesacetic acid.
using sequence pattern recognition algorith&@.(The high In-Gel Digestion of NtrC Fragment&ryptic digestions
abundance of glutamine residues gave the name “Q-linker”in the SDS gel matrix were carried out according to a
to these interdomain partial sequences that encompasspreviously described procedur2g 30) with the following
approximately 15 to 20 residues in NtrC proteins also from modifications. Staining and destaining of the gel were
other organisms2@). To date, no information is available  restricted to 30 min in order to minimize fixing of the protein
demonstrating that NtrC-linkers are surface exposed and/orin the gel. Protein containing parts were excised and the gel
flexible structures. Further, exact boundaries of NtrC domains pieces were washed for 20 min in 580 60% acetonitrile
and linker regions have not been determined experimentally. under rigid shaking. After the supernatant was removed, the
In this study, we applied limited proteolyses with ther- gel pieces were dried in a vacuum centrifuge and subse-
molysin, papain, and subtilisin followed by micropreparative quently incubated in 5L 50 mM NH,HCG;, pH 8, for 20
SDS-PAGE of the separated domains amdjel digestion min. This procedure was repeated twice. The gel pieces were
with trypsin €7—30) in order to identify domains (tertiary ~ then incubated for 20 min in 360 L 50 mM NHHCG;,
structural units) and flexible linker regions of NtrC. Our PH 8, that contained 12.5 ng/ TPCK treated trypsin. To
results described herein define the flexible part of the remove excess trypsin, the supernatant was discarded and
N-terminal linker region (Q-linker) and further enabled to subsequently 50L of 50 mM NH,HCG;, pH 8, was added.
determine the hitherto unknown C-terminal linker region that Proteolytic digestion was continued for 12 h at“&7under
connects the O- and C-domains in NtrC. Thus, the outlined gentle shaking. Peptides were eluted from the gel pieces by
strategy proved to be highly efficient and afforded lead adding 20QuL of 60% acetonitrile and rigid shaking for 2
information of tertiary structural features necessary for h. The supernatant was lyophilized and redissolved ig-CH
protein design and engineering and for structtftenction CN/0.1% TFA (2:1, v/v) prior to MALDI-MS analyses.

studies. MALDI-MS Instrumentation and Acquisition Conditions.
MALDI-MS analyses were carried out with a Bruker Biflex
MATERIALS AND METHODS linear time-of-flight spectrometer (Bruker-Franzen, Bremen,

Germany) equipped with a SCOUT source, video system,

Materials. Trypsin, thermolysin, papain, and subtilisin Uy nitrogen laser (337 nm), and a dual microchannel plate
were purchased from Sigma (Sigma, Deisenhofen, Germany) detector. The acceleration voltage was set te-2 kV.
Solvents were HPLC-grade (Merck KG, Darmstadt, Ger- Mass calibration was carried out using hen eggwhite
many). lysozyme (HEL) and insulin as external and internal stan-

NtrC Expression and Purification. NtrC was purified from dards, respectively. Spectra were processed by means of the
extracts of a 9-L culture oE. coli FI8208 @1) carrying X-MASS data system. A LL sample of the solution was
plasmid pFI20 grown at 37C and induced with 1 mM IPTG.  mixed with 0.8uL of a saturated solution ofi-cyano-4-
PFI20 is a pBR322 derivative that carriestrC under the hydroxy cinnamic acid (HCCA) dissolved in GEIN/0.1%
control of theptacpromoter andacl? (32). Purification was TFA (2:1, vlv) directly on the target. After evaporation of
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the solvent, the matrix/analyte mixture was recrystallized
from 1.5 uL CH3CN/0.1% TFA (2:1, v/v) prior to data
acquisition.

Nano-ESI-MS Instrumentation and Acquisition Conditions.
ESI-MS spectra were recorded on a Vestec A 201 single
quadrupole mass spectrometer (PerSeptive Biosystems

Framingham, MA), fitted with a self-built nanoESI source; receiver output domain C-terminal
gold-coated borosilicate capillaries were prepared as reported 9°main domain
elsewhered8). The voltage at the capillary tip was adjusted &
to 1.1-1.3 kV with a declustering potential typically set to a'--"’ .-.?&P Av & fv o D >
20 \|/I A yolumhe of 0.&|2 ﬂLl was loaded by dipping the X U5 {‘?:-‘- H_at','f" _ﬂv Sk
capillary into the sample solution. £

Polyacrylamide Gel Electrophoresis Migration Retarda- ""Elf? ‘lg & & ‘E? "F ‘f‘? {5’? [kDgl
tion Assays.The “Lp binding site” @9) is a short oligo- — LI | | | :
nucleotide that was synthesized using standard solid-phase, g~ | i 52
synthesis protocols (MWG-Biotech GmbH; Ebersberg, Ger- -~ _| u"—"' _— [ 35
many). The sequences of the complementary oligonucleotides o _|- =TT - Ty
are 3—CGATTGCACTAAAATGGTGCATCGATTCAC- - 3 —
ATCGAGGACGTGGACGTAT-3 and 3—~CGATACGTC- o — 20
CACGTCCTCGATGTGAATCGATTGCACCATTTT-
AGTGCAAT -3 (The NtrC binding site is printed in bold- i 14
italic letters). The oligonucleotides were annealed by heating ~ ~— e g 1 1 1 & W

the complementa}ry strands at 061 concentration in .TE_ Ficure 1: SDS-PAGE analysis of limited thermolytic digestion
buffer (10 mM Tr,'S'HCI pH 8, 1 mM EDTA) for ,15 minat o Ngre. NirC was digestedywith increasing enzy%e-togubstrate
80 °C and cooling slowly to 4°C. The proteir-DNA ratio (from left to right). Fragments were separated in individual
complexes were formed by incubating 20 of a solution bands and tentatively assigned to corresponding domains according
containing 800 nM Lp binding site and NtrC or 2 uL to their apparent masses. NtrC, intact protein; OC, Output-C-
limited digestion mixture (E:S= 1:864) in TBE-buffer (19.8  terminal domain; O, region of output domain fragments; O*, core
. . ) fragment of the output domain; R, receiver domain; C, C-terminal
mM Tris, 19.8 mM boric ac'_d’ 0.2 mM E,D,TA’ pH 8.4) at domain. The apparent molecular masses are given at the right. A
room temperature for 20 min. After addition of bromphe- schematic representation of NtrC, indicating the fragments obtained
nolblue (5uL, 0.25% w/v) and sucrose (bL, 30% w/v), by limited proteolyses and corresponding molecular masses, is given
native TBE-gel-electrophoresis was carried out according to on top.
descriptions40) using 8% polyacrylamide gels. Staining was N o .
performed with ethidiumbromide. an additional band migrating at 8 kDa (C-domain, C)
appeared together with a triplet of bands at approximately
30 kDa (Output-domain, O). When the NtrC to thermolysin
ratio was adjusted to ca. 1:50 (w/w), bands were visible
corresponding to the R-, C-, and O-domains together with a
barely detectable band at 20 kDa that may represent a
thermolysin-resistant core fragment of the O-domain (O%*).
These results showed that the O-domain was further trun-
cated, while R- and C-domains remained stable under the
applied limited proteolysis conditions. Hence, we conclude
that thermolysin cleaved NtrC initially at susceptible bonds
possibly located in the linker regions, leaving the tightly
r_}‘olded domains mostly undigested. Precise molecular masses
of the thermolytic fragments were determined by MALDI-
MS and ESI-MS (Table 1) from the fragment mixtures
RESULTS enabling unambiguous domain assignments. The MALDI
mass spectra of the fragment mixtures showed the presence
Limited Proteolysis of NtrC, SDS-PAGE Separation, and of singly and multiply charged ions for NtrC and fragments
Mass Spectrometric Molecular Weight Determination of in the mass range between 5000 and 60 000 Da with
Domains. Limited proteolyses of NtrC fronk. coli per- compositions comparable to those observed by SPSGE.
formed fa 2 h with small amounts of thermolysin (E:S As an example, the spectrum obtained after 30 min with E:S
approximately 1:7000 to 1:1500; w/w) yielded distinct bands of 1:864 is shown (Figure 2). In addition, the spectra revealed
by SDS-PAGE that migrated at 14 kDa, 37 kDa, and 52 kDa, that the 14 kDa band consisted of at least two products. The
respectively (Figure 1). From the apparent masses, thesaninor product showed an ion signal aiz 14 392 corre-
bands were tentatively assigned as the N-terminal receiversponding to the N-terminal receiver domain (aalB0; M,
domain (R), the still covalently linked output and C-terminal = 14 390.5). The major product with an ion signalralz
domains (OC), and undigested NtrC, respectively. With 14 616 represented the N-terminal receiver domain carrying
larger amounts of thermolysin (E:S approximately 1:900 to two more amino acid residues at its C-terminus (ad 32;
1:100; w/w), the 52 kDa band disappeared completely and M, = 14 618). Similarly, atm/z 8332, an ion signal was

ATPase AssaATPase activity was assayed as described
(412). The assay mixture contained the following components
in a total volume of 80@.L: 50 mM Tris, pH 7.5, 150 mM
KCI, 5 mM MgCl,, 0.1 mM EDTA, 30 mM phosphoamidate,
0.5 mM phosphoenolpyruvate, 0.2 mM NADH, 8 units
pyruvate kinase, 20 units lactate dehydrogenasey @il
BSA, 250 nM NtrC. The assay was performed at ambient
temperature usga 1 mLcuvette with a Shimadzu UV1202
UV-vis spectrometer (Shimadzu Corp. Kyoto, Japan). The
reaction was initiated by addition of @& ATP (100 mM).
The solution was mixed in a cuvette for-1@05 s, and the
rate of decrease in absorbance at 340 nm was monitored i
10 s intervals for 40 min.
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Table 1: Mass Spectrometric Molecular Weight Determination of
NtrC Domains Obtained by Limited Proteolysis

Table 2: MALDI-MS Identification of Tryptic Peptides frorm-Gel
Digested NtrC Domairis

molecular mass

[M~+H]* exp. of fragments

sequence [M+H]+
SDS-PAGE MALDI- calculated sequence range domain caed NC R OC O O* C
protease fragment (kDa) MS (Da) (Da) range 1-46 R 4980.7 4976
thermolysi R 14 14616 14617.8 MEQ132 4-16 R 1461.6 1461 1461
14493 14 490.6 M1V131 17-21 R 702.8 702 702
14392 14 390.5 MI-N130 47-56 R 1129.3 1130 1129
oC 37 37655 37655.1 L133-E469 57-67 R 1146.5 1146 1146
o* 20 20246 20248.3 1146-R320 71-81° R 1335.7 1335
20949 20947.0 L133R320 71-117 R 5242.0 5244 5242
C 8 903% 9034.2 V396-E469 95-117 R 2622.9 2622
8332 8331.5 M397E469 118-129 R 1485.6 1485 1485
papaift R 14 14 617 14617.8 M1Q132 118-13¢ R 1599.7 1600
14 392 14 390.5 M1-N130 130-17& 4714.4 4713
C 8 8864 8864.0 E392E469 133-152A O 2146.4 2147 2147
8735 8734.9 S393E469 160-189 (0] 3153.6 3154 3156 3157
8544 8546.7 S395E469 203-224 (0] 2406.7 2405 2406 2407 2407
8460 8459.6 Q396E469 225-251 O 3010.3 3009 3010 3010 3011
8332 8331.5 M397E469 255-263 (0] 1069.2 1069 1069 1070 1069
subtilisirf RO 44 43734 43726 ML-T394 264-275 (0] 1260.5 1261 1260 1261 1261
C 8 8864 8864.0 E392E469 276-287 (0] 13945 1395 1394 1395 1395
8736 8734.9 S393E469 293-300 (0] 1120.3 1120 1119 1120 1120
8547 8546.7 S395E469 301-314 (0] 1713.1 1715 1714 1713 1714
8333 8331.5 M397E469 324-331 (0] 942.1 942 942 942
2E:S=1:864." E:S=1:1080.¢ E:S= 1:4320.9 Confirmed by ESI- gg?_ggg 8 13?;'15_ ;.]322 3'1331 3'13353
MS. ¢ Average mass of major compound in the fragment mixture. '
390-41A 2592.8 2593
397-41X4 C 1890.1 1890
T+ v 416-431 Cc 1808.9 1808 1808 1810
11132 [1-132] 432—445 C 1577.8 1580 1580 1580
repre 1agie 440-450 C 12634 1263 1263
(390-469] 451-456 C 701.8 701 701 702
9035 451—-462 C 1415.7 1416 1416
1+ [132169] ar [L]];o] a After SDS-PAGE separation of thermolytic NtrC fragments,
[397-469) | 978 (uasase) (¢ selected peptides are listétDerived from nonspecific activity of

3+
(133469
12581

2+
[133-469]
18854
1

15000

-
10000

m/z

1+
[133-469]
37655

'

T T T

10000 30000 iz 50000

Ficure 2: MALDI-MS analysis of limited thermolytic digestion
of NtrC. Singly and multiply charged ion signals are present for
still intact NtrC and for thermolytic fragments. Numbers in
parentheses refer to amino acid positions in intact NtrC. £:S
1:864. HCCA was used as matrix.

observed for the C-terminal domain (aa 39%69; M, =
8332) and a signal at/z 9035 was indicative for the
C-terminus, including additional amino acid residues at its
N-terminus (aa 396469; M. = 9034). The sample also
showed a singly charged ion signal for NtrCrafz 52 249
(M; = 52 254) and for the OC-fragmentm@itz 37 655 (OC;
aa 133-469; M, = 37 655) together with multiply charged
ion signals.

Limited proteolysis of NtrC with papain again revealed
digestion sites at Asn-130 and GIn-132, yielding N-terminal

products with molecular masses of 14 617 and 14 392,

respectively. In addition, multiple C-terminal products with

trypsin, confirmed by gas-phase Edman sequencéifgptides contain
sequence parts of linker and corresponding donfaitumbers printed
in bold represent peptides produced by thermolytic and tryptic cleavage.

when subtilisin was used for limited proteolysis experiments,
showing that this region was highly susceptible, indicating
a linker region. Subtilisin did not cleave between the R- and
the O-domain when added in small amounts (E:$:4 000),
consistent with the described substrate specificity of this
protease §).

Identification of Domain Borders and Linker Sequences
by In-Gel Digestion and MALDI-MS Peptide Mapping.
Precise mass spectrometric molecular weight determinations
can be used to assign small domains derived from limited
proteolyses for which either the N- or the C-terminus is
known as is the case for the C- and R-domain in NtrC,
respectively. However, a given nominal mass in the range
of e.g. 15 kDa and above, can match with numerous partial
sequences from the central part of a protein. Thus, precise
sequence assignment of large fragments from the interior
part of a protein as obtained by limited proteolysis with
proteases of broad substrate specificity solely based on
experimentally determined masses is rendered impossible.
To identify the domain borders and linker sequences, we
subsequently subjected the SBBAGE-separated ther-
molytic fragments tan-gel total proteolyses with trypsin
followed by mass spectrometric peptide mapping. The protein
migrating as a 52 kDa band yielded peptides that could be

molecular masses between 8332 and 8864 indicated cleavassigned to the entire NtrC sequence (Table 2). By contrast,
ages at residues Glu-392 up to Met-397 (Table 1). Cleavagedryptic peptides from the 14 kDa fragment were exclusively
in this area were also determined mass spectrometricallyderived from the R-domain and the fragment migrating as a
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Receiver 116 141 382 201
55 T =5 1 Eco BRATSHYQEQQQPRN. .. .. vQ.LNGPTTDII LPGEL.FESTVA. . ... ESTSQ. .... MOPDS
. N . Sty ERAISHYQEQQQPRN. .... IE.VNGPTTDMI LEGEL.FEASTP..... DSPSH..... LYPDS
MQRGIVWVVD DDSSIRWVLE RALAGAGLTC TTFENGAEVL EALASKTPDV LLSDIRMPGM Kon DRATSHYOEGOOPRY -\ . AP INSPEADIT TRSEL. FETATE . ... oNETO. L.
. N N . Bvu ERAITHYREQKQPNN..... AENILQSVSDMI LPSEIRLADEKA..... KNINR.....
o 80 e - 0 Tfe QRALG...SRAGPGA..... AGVEESDPAEKI LPPEM.AASPMS..... AMMPD. ...
DGLALLKQIK QRHPMLPVII MTAHSDLDAA VSAYQQGAED YLPKPFDIDE AVALVERAIS Rep ARALD. .MKRRABVY . . KAAPBREGGDDLELY VEAVLGNQPAMEP . . LKGGGEGEK . |
Rca ARALE. .LTRRAQVVPKVIETSRPEGTDLYFLV VEFVLGNQPAVEP. . LGAGGEGEK. . .LSASC
i3 140 150 160 170 130 Rme GRALA..EPKRRPSK....LEDDSQ.DGMPLV IENELRSEIPDSPIEKAAARSGSLS. . ISQAV
HYQEQOQPRN vg%% NGPTTDI IGEAPAMQDV FRIIGRLSRS SISVLINGES GITGKELVAHA Atu GRALS. .EPKRKPAK. . ..LDDDMQ.DGMPLY IEQELQSDVPDSPLDKMAVRTGSLT . . TSQAV
. Bsp GRALAZ. .EPKERVSS....PADDGEFDSIZLV IDGELAPPAVTS, . .GSTATVGVDN. . LGGAV
gk 208 4 230 2a0i O abr ERALNSNTPR.RRLPA. .D.AGEAD.EQLPLT VEADVADTTP, ABAQPVEEPHRG. . . .. LSARYV
LHRHSPRAKA PFIALNMAAT PKDLIESELF GHEKGAFTGA NTIRQGRFEQ ADGGTLFLDE % g:ﬁ é;}ii? 'Eﬁigﬁﬁii& ~Di§§§Egég§$E iE?E;Ziii;i?Dﬁ?\?iiiggéﬁé&g;ég
250 26C 270 280 250 300i § b o ror o o
IGDMPLDVQT RLLRVLADGQ FYRVGGYAPV KVDVRIIAAT HONLEQRVQE GKFREDLFHR = . . « . ” « . ”
IGURE4: Sequence alignments of “Q-linkers” and “PASE-linkers
210 32c 330 340 350 360 H H H
LNVIRVHLPP LRERREDIPR LARHFLOVAA RELGVEAKLL HPETEABLTR LAWPGNVRQL from thirteen related NtrC proteins. The entire sequences of the

NtrC proteins were aligned using the ClustalW WWW service at
the European Bioinformatics Institutéq). Shaded boxes contain
linker sequences. Proteobacteria groups, organisms, and database
entry numbers (in parentheses) are given.Rsp, Rhodobacter

) o sphaeroidegX78533); Rca,Rhodobacter capsulatugXx72382);
Ficure 3: NtrC sequence and cleavage sites from limited pro- Rme, Rhizobium melilot{M15810); Atu, Agrobacterium tumefa-
teolyses. The domains are boxed. Receiver, strait line; Output ciens(J03678); BspBradyrhizobium sp(M14227); Abr,Azospir-
domain, dotted line; C-terminus, hatched line. Arrows depict cleavge jllum brasilensgz37984); RruRhodospirillum rubrun{U30377);

sites of limited proteolysis with thermolysirt)(and papain ), Bsu, Brucella suis(Y13236).5: Tfe, Thiobacillus ferrooxidans
respectively. Amino acid residues that are important for phospho- (L18975).y: Sty, Salmonella typhimuriunfX85104); Kpn,Kleb-

rylation of the receiver domain are printed in bold. The ATP-binding  sjella pneumoniaéx02617); PvuProteusvulgaris (X68129); Eco,
motif in the O-domain is printed in italic letters. The underlined Escherichia coli

sequence stretch represents the predicted Q-linker reg@nihe
zigzag line indicates nondetermined borders. Start and end of thethat corresponded to the N-terminal peptide of the C-domain
core fragment (O%) of the O-domain are denoted. and a signal atv/z 2593 (aa 3968412; M, = 2592.8) that

} ) was derived from the C-domain, including linker residues.
37 kDa band produced peptides that derived from the O- | inited proteolyses with papain and subtilisin afforded

and the C-domains only. The 8 kDa fragment afforded tryptic ¢jeayages in the same region (Figure 3), thus identifying the
peptides only from the C-domain. Finally, the 30 kDa and gysceptible linker region that connected the O- with the
20 kDa fragments afforded peptides from the O-domain, c_qomain.
substantiating that the fragments migrating at 20 kDa band = pgtermination of Amino Acid Compositions in Linkers that
represen'ged acore fragment (O*) of the O-domain. All three connect O-Domains with C-Domains in NtrC Response
bands migrating as a triplet at 30 kDa showed the sameRegylator ProteinsHaving experimentally identified the
N-terminal peptide ion signals but differed at the C-termini |inker sequence that connected the O-domains with the
(data no_t shown), represgnting C-terminal truncations of the c_qomain in NtrC fronE. coli, we aligned the related amino
O-domain. Lys-C digestion of the HPLC-separated O*- 4:ig sequences of thirteen NtrC proteins from different
fragment afforded an N-terminal peptide ion signahit proteobacteria that were available from the SWISS PROT
5377 (aa 146189; M, = 5378.2) and an ion signal at’z database. The linker regions were found to resemble se-
3580 for the C-terminal peptide aa 29320 (M: 3581.2) quences in which abundance of conserved amino acid
in agreement with mass spectrometric peptide mapping of esjques was low and in which significant sequence gaps
tryptic peptides and MALDI-MS molecular mass determi- gnneared (Figure 4). Sequence homologies within the linker
nation (cf. Table 1). regions were evident within proteobacteria groupg, and

The borders of the domains and linkers were determined y, respectively, but little or no sequence similarities were
from peptides that were cleaved by thermolysin at one end found between the groups. The investigated linkers spanned
and by trypsin at the other end. Double-digested peptidessequence lengths from 11 to 20 amino acid residues. Proline,
from the linker region between the R- and the OC-domain alanine, glutamic acid, and serine residues were found to be
afforded ion signals atVz 1600 (aa 118130; M = 1599.7)  present in high abundance by comparing the amino acid
and atnvz 2147 (aa 133152; M, = 2146.4), respectively.  residue compositions of these sequence elements with that
Thus, the protease susceptible region comprised amino acidsf the entire NtrC proteins and with unrelated proteins (Table
Val-131 and GIn-132. The same cleavage sites in this linker 3). Proline and alanine residues are found in abundance in
region were identified mass spectrometrically using papain many linkers 43), substantiating that the investigated regions
as protease (data not shown). Protease accessible residuggpresented linker sequences. The high abundance of glutam-
in this region were found within the Q-linker sequence only, ic acid together with the very low abundance of arginine
in agreement with tryptic digestion of NtrC that showed a residues may explain the estimated acidic character of these
highly susceptible cleavage site at Arg-1282) It is linkers. Further, the abundance of serine residues in the linker
noteworthy to mention that the predicted Q-linker region in sequences was found to be particularly high (2.5-fold higher
NtrC fromE. coli has been proposed to comprise amino acid abundance than average when compared to NtrC proteins
residues 126138 (underlined in Figure 32€). This is a  and 1.6-fold higher abundance than average when compared
far longer stretch than that determined experimentally to be to unrelated proteins; Table 3) when compared with NtrC
accessible to limited proteolysis. proteins. Hence, we use the name “PASE-linker” for the

Additional cleavages obtained by limited proteolysis of partial structures that connect the O-domains with the
NtrC with thermolysin split the OC-fragment into the O- and C-domains in NtrC proteins, in analogy with the Q-linker
the C-domain at accessible amino acid residues ranging from(26) that connects the R-domains with the O-domain.
Thr-389 to GIn-396 (Table 2). Double-digested peptides were  Structure-Function Correlation of Fragments Obtained
obtained by subsequeim-gel tryptic digestion and resulted by Limited ProteolysisDensitometric intensities of ther-
in an ion signal aim/z 1890 (aa 39#412; M, = 1890.1) molytic fragments of NtrC were obtained from SBBAGE-

370 330 o 190 410 220
ENTCRWLTVM AAGQEVLIQD LPGELFESTV AESTSCMQPD SWATLLAQWA DRALRSGHON
v T T T e T T qac T T PECRR 460 163}

:LLSEAQPELE RTLLTTALRH TQGHKQEAAR LLGWGRNTLT RKLKELGME J‘

C-Terminus
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Table 3: Amino Acid Preferences for Residues Contained in Linker iy
Oligopeptides Connecting O- and C-Domains in NtrC Proteins ] 2 3
composition (%) ratio (PASE-linkers/proteins) Ax
amino unrelated NtrC PASE-  unrelated NtrC -\-ﬁh b
acid proteing proteins linkers proteins proteins "::} x *
P 5.1 54  11.0 2.2 2.0 | l
A 8.3 9. 14.0 1.7 1.4 T & _A
S 6.9 4.4 11.0 1.6 25 % e E
E 6.2 7.1 10.0 1.6 1.4 H | B
G 7.2 7.1 9.5 1.3 1.3 s
M 24 28 30 13 11 e gt -C
D 5.3 6.2 6.5 1.2 1.0 -
T 5.8 55 6.0 1.0 1.1 o -
Q 4.0 4.3 35 0.9 0.8 ; " K-
N 4.4 31 35 0.8 11 = D
K 5.7 3.3 4.0 0.7 1.2 s .
\% 6.6 6.5 4.5 0.7 0.7
| 5.2 53 3.0 0.6 0.6 g
F 3.9 27 20 05 0.7 s e
H 2.2 2.0 1.0 0.5 0.5 "i - E
R 5.7 9.1 3.0 0.5 0.3 T g
L b 121 4.0 b 0.3 y
Y 3.2 1.9 0.0 0.0 0.0
C 1.7 0.3 0.0 0.0 0.0
W 13 1.0 0.0 0.0 0.0 FiGUrRe 6: Polyacrylamide gel electrophoresis migration retardation

a Frequency of occurrence of amino acid residue in sequences of @ssay. The duplex DNA (Lp-binding site) encompasses a strong
1021 unrelated protein&®). ® No data available. binding site for NtrC dimers from thginLp promoter of the
glnAntrBC operon 89, 60). Lane 1, DNA alone; Lane 2, DNA
plus NtrC; Lane 3, DNA plus thermolytic fragments from NtrC.

1 2 A, DNA complexed with NtrCB, C, andD, DNA complexed with

OC- and C-fragments, respectively; DNA alone.
l l ATPase activity was lost completely after removal of the
R A R-domain from the OC-fragment, consistent with results from
SN previous reports44). The observed low ATPase activity in
the tested samples (e.g., after thermolytic digestion with E:S
= 1:864; cf. Figure 1) correlated to the still present residual
amounts of undigested NtrC in the mixtures (data not shown).
By contrast, DNA-binding studies using polyacrylamide gel
—— electrophoresis migration retardation assays with samples that
predominantly contained intact OC- and C-domain fragments
showed characteristic band shifts after addition of a short
double-stranded oligonucleotide (50 bp; cf. Materials and
: ' : Methods) 45) that contained a strong binding site for NtrC
1/6912 1/864  E/S  1/108 dimers (Figure 6). A strong band may be attributed to a
FIGURE 5: Densitometric intensities of thermolytic fragments of complex consisting of OC-fragments and duplex-DNA (B
NtrC as functions of enzyme-to-substrate ratios. NtrC fragments jp Figure 6) as this band was observed at a slightly different

obtained by limited proteolysis were separated by SBAGE (cf. : ; _
Figure 1). White, NtrC; gray, OC-fragment; black, O-fragments. :gl(\:ﬁ'on Ejha}ntth?t liﬁréhe Af: qmp?:lgx tha%corLSI?tet(:‘ of %uplgx
Vertical arrows indicate primary (1), secondary (2), and tertiary and intact NtrC (A in Figure 6). urther ban

(3) cleavages. Primary and secondary clevage sites occurred inobserved in this sample (C) is in agreement with the
linker sequences. assumption that OC- and C-fragments were bound simulta-

nsneously to the duplex-DNA. The fastest migrating band (D)
qmay be attributed as a complex consisting of duplex-DNA
and C-domains, as this band was still migrating differently
than free DNA (E). From these results, we conclude that
the C-domain of these proteolytically derived fragments
exhibits an intact tertiary structure even after removal of the
R-domain.

o NS
.

relative Intensity

NG
O =z
o

separated bands (cf. Figure 1) and were plotted as functio
of enzyme-to-substrate ratios (Figure 5). The results showe
that the densitometric intensity of the OC-band increased at
the expense of that corresponding to intact NtrC. This can
be explained by initial cleavages (primary cleavages, 1) of
thermolysin cutting NtrC into the R- and OC-fragments at

susceptible residues within the Q-linker. Subsequent cleav-
ages caused a decrease in the OC-band intensity and DISCUSSION

simultaneous increase of the intensity for the O-domain band.

This is in agreement with the proteolytic separation of the  Knowledge of surface amino acid residues is of great
O-domain from the C-domain (secondary cleavages, 2) benefit for understanding protein function, particularly for

occurring at amino acid residues within the PASE-linker. proteins of unknown structures. A well-established method-
Later cleavage events (tertiary cleavages, 3) caused dimin-ology for the investigation of partial peptides of proteins is
ished intensities of the O-domain by further truncation (e.g., the combination of proteolytic degradation with mass
in loop structures). spectrometry 46, 47), e.g. for disulfide bond assignments
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(48, 49). Here, hydrolytic cleavage is preferentially carried S1-limkier PASE-linker

out under such conditions that particular peptide bonds are RO conreachion)| [oC-connecton)
cleaved with a highly specific protease e.g. trypsin, creating Ll 141 T 1 | s
a specific “peptide map”. The local amino acid sequence EFRIEHTUELLLEREVULEEETTON] PR FENTVAESTE NG

satisfies the specificity requirements of the selected protease
leading to defined products that are predictable from the
amino acid sequence. By contrast, limited proteolysis using
proteases with broad substrate specificity presents an effec-
tive method for determining exposed surface sites indepen-
dent from the substrate specificity of the proteakery. In
addition, protease susceptible protein conformations may bergure 7: Schematic representation of domains and linker se-
a result of dynamic processes so that flexibility of particular quences of NtrC fronk. coli. The three domains of NtrC (R, O,
protein regions determines initial cleavage sit8®).(Inde- and C) are depicted as spheres and linkers as connecting ribbons.

; P _These are divided into three parta; linker part that structurally
pendent of their substrate specificity range, proteases rep belongs to the N-terminal domaib; structurally independent and,

resent molecular recognition systems that obey particularpence ™ protease susceptible hinge region:linker part that
structure requirements. Substrate models for proteases havetrycturally belongs to the C-terminal domain. Amino acid se-
shown efficient cleavage when 10 and more residues from quences (top) are given for the “Q-linker” (connecting R-domain
a given protein structure were able to locally unfold and to Witgo%g%f)mri]n)l\l?rfg }Foer;EAggi'”(gﬁZr; égoggigg?g g;g\(l)vf:ﬂg V\i/(i:tth
H : - | | . .

assume the suitable template conformation that was necessar leavge sites of limited proteolysis with thermolysipgnd papaﬁ’n
for formation of the enzymesubstrate complex. The most (1) “yespectively.
susceptible nicksite in proteins was characterized to make
the fewest interactions with the rest of the protein @All methods. Recently, two fusion proteins (Fusl and Fus2),
of the mentioned prerequisites for tertiary structure dependentcomprising NtrC-domains, were cloned so that each of them
limited proteolysis are thought to be present in linker regions contained the N-terminus of NtrC and the C-terminus of
of multidomain proteins, such as in the response regulator NifA. In the case of Fus1, the fusion position was chosen
protein NtrC. Mass spectrometry plays a key role for the N-terminally to the detected “PASE-linker” region at residue
identification of the proteolytic fragments. GIn-379. This fusion protein was inactive in vivo and in vitro.

Our results showed that initial proteolytic cleavages had By contrast, in the case of Fus2, the fusion position was
taken place within the interdomain linkers (cf. Figures 1 and chosen within the “PASE-linker” at residue Ser-393. Fus2
5) and the O-domain had been further truncated by later showed ATPase activity in vitro and was active in vivo as a
cleavage events. Consequently, controlled proteolysis maytranscriptional activator of a®*-dependent promoter carrying
provide a suitable preparative approach for obtaining func- binding sites for NifA (Weiss et al., manuscript in prepara-
tionally active subfragments for structurunction studies tion).
of proteins as an alternative to the more commonly used Linkers may generally be composed of structurally distinct
approach of “domain liberation” by recombinant methods. parts (Figure 7). At least three components may be distin-
The individually expressed R-domain of NtrC that comprised guished in a linker sequence. An N-terminal stretch that
amino acid residues-1124 25) as well as a “12.5 kDa-  structurally belonged to the N-terminal domain from which
band” obtained by tryptic proteolysis, resembling an amino the linker originates, a structurally independent and, hence,
terminal fragment of NtrCX(6, 51), have been shown to serve  protease susceptible central hinge region, and a part that
as substrates to phosphorylation by NtrB. Similarly, an structurally belonged to the C-terminal domain forms its
individually expressed C-terminal fragment of NtrC contain- terminus. The fact that cleavage sites obtained by limited
ing the 90 C-terminal amino acid residues (i.e., amino acid proteolysis of NtrC with thermolysin, papain, subtilisin, and
residues 386469) was found to be capable of binding to trypsin @2) were located within the central region of the
DNA (20), consistent with the results described herein. Q-linker sequence2g) is in agreement with this structure
Finally, it has been demonstrated that the isolated centralmodel. The domain-associated linker parts may be highly
domain of NtrC-homologous proteins NifA and DctD is flexible permitting local unfolding prior to proteolytic
sufficient for the activation of transcription at*-dependent cleavage. A recently published X-ray crystallographically
promoters $2—54). In summary, all of the as yet described determined tertiary structure of NarL, a transcription activator
active receiver fragments of NtrC were either comprising consisting of two domains, lacked the linker part as this
the coresponding domain sequences and matching the hereigequence stretch was not resolvable from the diffraction map
determined domain boundaries or contained longer sequencg56, 57), possibly because of its high flexibilty.
stretches. By contrast, NtrC constructs that lacked the Analyzing the amino acid composition of linker regions
O-domain and parts of the N-terminal sequence of the of 13 related NtrC proteins showed that proline and alanine
C-domain showed DNA-binding activitysp). The active residues were found to be present in high abundance in these
O-domain fragments mostly extended the herein determinedstructurally flexible elements (cf. Table 3). These residues
domain borders. It is interesting to note that the O-domain are found in abundance, e.g. in “PRO type” linkers by
encompassing secondary structure elements of NtrC weredetermining composition ratios to unrelated proteif8).(
predicted 24), using the partial sequence comprising amino Most interestingly, a high abundance of serine residues was
acid residues 141376, well within the here determined found in the linker connecting the O-domains with the
O-domain borders. C-domain. Serine residues may play a determinant role for

Knowledge about domain boundaries is of importance for the structural characteristics of these linkers as they are able
the creation of functional fusion proteins by recombinant to form hydrogen bonds with associated amino acid residues
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besides undergoing polar interactions with the solvéa}. (

The amino acid composition further suggests that these
linkers possess an acidic character due to the high abundancel8:

of glutamic acid residues. By contrast, the polarity pattern
of Q-linkers shows accumulation of positively charged amino

residues in the C-terminal part (cf. Figure 4) giving rise to

a dipolar charge pattern. Summarizing these features and in 21

analogy with the Q-linker that connects the R-domain with

the

O-domain26), we use the name “PASE-linker” for the

partial structures that connect the O-domains with the
C-domains in NtrC proteins.
As demonstrated in this study, the combination of limited

spectrometry, such as-gel digestion-MS coupling, MALDI-

MS peptide mapping, and nano-ESI-MS provides a highly
efficient tool for the rapid identification of domain borders
and linker-regions in multidomain proteins, affording lead
information of tertiary structural features necessary for
protein design and engineering and for structtftanction
studies.
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