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Abstract: The role of specific cleavage of transcription repressor proteins by proteases and how this

may be related to the emerging theme of dinucleotides as cellular signaling molecules is poorly
characterized. The transcription repressor NmrA of Aspergillus nidulans discriminates between

oxidized and reduced dinucleotides, however, dinucleotide binding has no effect on its interaction

with the zinc finger in the transcription activator AreA. Protease activity in A. nidulans was assayed
using NmrA as the substrate, and was absent in mycelium grown under nitrogen sufficient conditions

but abundant in mycelium starved of nitrogen. One of the proteases was purified and identified as the

protein Q5BAR4 encoded by the gene AN2366.2. Fluorescence confocal microscopy showed that the
nuclear levels of NmrA were reduced approximately 38% when mycelium was grown on nitrate

compared to ammonium and absent when starved of nitrogen. Proteolysis of NmrA occurred in an

ordered manner by preferential digestion within a C-terminal surface exposed loop and subsequent
digestion at other sites. NmrA digested at the C-terminal site was unable to bind to the AreA zinc

finger. These data reveal a potential new layer of control of nitrogen metabolite repression by the

ordered proteolytic cleavage of NmrA. NmrA digested at the C-terminal site retained the ability to
bind NAD1 and showed a resistance to further digestion that was enhanced by the presence of NAD1.

This is the first time that an effect of dinucleotide binding to NmrA has been demonstrated.

Keywords: proteolysis; nitrogen metabolite repression; confocal microscopy; microcalorimetry;
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Introduction

Aspergillus nidulans can utilize a wide range of

nitrogen sources, but when given ammonium or glu-

tamine in a mixture with a nonpreferred nitrogen

source the enzymes and permeases necessary for the

use of the nonpreferred source are not produced –

this phenomenon is called nitrogen metabolite

repression (NMR).1 The molecular mechanism for

the signal transduction pathway controlling NMR is

complex, involving the action of the transcription

repressor and activator proteins NmrA and AreA,

the control of mRNA stability mediated through the

30 untranslated region of the areA-mRNA and AreA-

dependent remodeling of chromatin domains.2-6 The

activity of AreA is modulated post-translationally by
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interaction with the repressor NmrA.7 The levels of

NmrA are depleted in mycelium exposed to nitrogen

starvation conditions and the production of nmrA-

specific mRNA is controlled by the bZIP transcrip-

tion factor MeaB and is inversely related to that of

areA-specific mRNA.8 For example, areA-specific

mRNA is elevated in mycelium growing on nonpre-

ferred nitrogen sources such as nitrate and nmrA-

specific mRNA is lowered under the same conditions.

The production of AreA and NmrA is therefore

tightly controlled at the transcriptional level and the

activity of AreA is proposed to be determined by its

levels relative to that of NmrA.8

We have previously reported the structures of the

unliganded wild-type NmrA protein as well as com-

plexes with NADþ, NADPþ and the zinc finger of

AreA.9-11 Structural comparisons revealed that NmrA

has similarity to the SDR (short-chain dehydrogen-

ase-reductase) superfamily,12 with the closest rela-

tionship to UDP-galactose-4-epimerase (UDP-GE).

NmrA defines the NmrA-like structural family whose

members include the Human protein HSCARG.13

HSCARG is essential for epithelial cell viability, binds

NADPH much more strongly than NADPþ and may

link changes in the NADPþ: NADPH ratio to modula-

tion of the production of the important cell signaling

molecule nitric oxide.14-16 Microcalorimetry experi-

ments showed that NmrA binds NADþ and NADPþ

with similar affinity but has a greatly reduced affinity

for NADH and NADPH. The structure of NmrA in a

complex with NADPþ has shown how repositioning a

His 37 sidechain allows the different conformations of

NADþ and NADPþ to be accommodated.10 NmrA and a

zinc finger (Zf)-containing 213 amino acid C-terminal

fragment of AreA interact with a 1:1 stoichiometry

and an apparent KD of 0.26 lM10 but this interaction

is not affected by the presence of dinucleotides. In

contrast, the Gal80p repressor of Saccharomyces

cerevisiae that is involved in galactose metabolism

apparently has its properties modulated by the differ-

ential binding of NADþ and NADPþ.17,18 Structural

studies have shown that NmrA binds directly to the

zinc finger of AreA mainly through interactions with

alpha helices 1, 6, and 11, and amino acid substitu-

tions in alpha helix 6 (E193Q/D195N or Q202E/

F204Y) reduce the affinity of this interaction.9,11 Com-

parison with a nuclear magnetic resonance solution

structure of the AreA Zf in a complex with a GATA-

containing double stranded oligonucleotide19,20 shows

parts of helices a-6 and a-11 of NmrA are positioned

close to the GATA motif in the DNA, mimicking the

major groove of the DNA.9

We show here for the first time that A. nidulans

has three protease activities that digest NmrA(Mr

38.8 kDa) in an ordered manner to generate an

N-terminal protease resistant 32 kDa fragment and

that in vitro the presence of oxidized dinucleotides

substantially enhances the resistance of this N-ter-

minal fragment to further digestion by these pro-

teases. The enhancement of resistance to proteolysis

is the first time a potentially biologically significant

property has been ascribed to the binding of dinu-

cleotides to NmrA. We also show by confocal micros-

copy that the concentration of wild-type NmrA in

the nucleus is at its minimum when the concentra-

tions of the proteases are at their maximum. Taken

together the data we present here reveal a potential

new layer of control of NMR mediated through the

ordered proteolytic cleavage of NmrA.

Results

NmrA levels are modulated in vivo in response

to growth on nitrate or nitrogen starvation

We wished to determine the relative nuclear concen-

trations of wild-type NmrA when mycelium is grown

on a repressing nitrogen source (ammonium) versus

inducing (nitrate) or nitrogen starvation conditions

using confocal microscopy. To do this polyclonal rabbit

antibodies were raised against NmrA and affinity

purified by chromatography on a column that had

purified NmrA covalently bound to NHS-Sepharose

(see Methods). NmrA was not detectable in cell free

extracts of A. nidulans in preliminary western blot

experiments using these affinity purified antibodies

implying that the in vivo concentration of NmrA

is low. To determine the relative concentration of

NmrA in the nucleus under different growth regimes,

we used fluorescently labeled anti-IgG antibodies in

conjunction with confocal microscopy. The wild type

and a mutant strain deleted for the nmrA gene were

grown on cover slips and mycelium probed for the

presence and location of NmrA as described in Meth-

ods. We used the nmrA deletion strain as a control to

define the background level of the fluorescence signal

when probing for NmrA under the different growth

regimes. Mycelium was grown for 16 h in minimal me-

dium with ammonium or nitrate as the nitrogen

source, and for the nitrogen starvation experiments

was initially grown with ammonium before being

transferred to nitrogen-free medium for 4 h. Typical

images probed for the presence of NmrA (red), tubulin

(green), and DNA (blue) are shown in Figure 1, con-

trol experiments in which the primary antibody was

omitted gave no measurable signal. For each growth

condition mean fluorescence values were derived from

measurements taken from mycelium grown on three

individual slides prepared on separate days. For each

slide 20 measurements were taken at random within

the cytoplasm and single measurements were made

within 20 individual nuclei.

T-test P-values of <0.0001 for comparisons

between the total levels of NmrA in the wild type

versus nmrA deletion strains were obtained when

mycelium was grown on ammonium or nitrate, indi-

cating a significant difference at the 95% confidence
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limit. When nitrogen starvation conditions were

compared, the levels of fluorescence in the wild-type

strain were greatly diminished giving a T-test

P-value of 0.093 indicating no significant difference

at the 95% confidence limit from the nmrA deletion

strain. These latter data give confidence that the flu-

orescence signal measured in the wild-type strain

reflects the true level of NmrA present under each

of the growth conditions investigated. In the wild-

type strain the T-test P-value for the comparison

between the levels of nuclear NmrA in the ammo-

nium versus nitrate grown mycelium was <0.0001

indicating a significant difference. Comparisons of

the mean fluorescence measurements showed that

there was a 38% reduction in the average nuclear

level of NmrA in nitrate grown mycelium compared

Figure 1. Confocal microscopy analysis of NmrA levels in wild type and nmrA deletion strains. wild type and nmrA deletion

strains of A. nidulans were grown on cover slips on minimal medium containing 10 mM ammonium, 0.05% w/v glucose and

0.5% w/v quinic acid and for nitrogen starvation conditions transferred to liquid nitrogen free minimal medium. Mycelia were

subsequently probed for the presence of NmrA by confocal fluorescence microscopy. Immunostaining was carried out as

described in Methods with NmrA staining red, tubulin green (to delineate the boundaries of the hyphae), and DNA cyan (to

define the boundaries of the nuclei). The top row shows all three images overlaid, the second row shows the fluorescence

due to the presence of NmrA, the third row shows the fluorescence due to DNA staining in the nucleus and the bottom row

shows the fluorescence due to staining tubulin.
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to ammonium grown (Fig. 2). These data also show

that when wild-type mycelium is switched from

growth on ammonium to nitrogen starvation condi-

tions for 4 h, the fluorescence signal is reduced to

the background level seen in the nmrA deletion

strain. The levels of nmrA-specific mRNA are

increased when mycelium is grown under repressing

conditions and are decreased but not eliminated

under nitrogen starvation conditions.8 These obser-

vations imply that the absence of NmrA in the

nuclei of mycelium starved of nitrogen may in part

be due to the action of proteases.

NmrA is cleaved by three A. nidulans
endoproteases

Cell-free extracts of A. nidulans mycelium starved of

nitrogen were screened for protease activity using

purified NmrA as the substrate. This screen demon-

strated that NmrA was digested into discrete frag-

ments with major products of Mr around 32kDa and,

after prolonged digestion for around 2 h, 25kDa. In

control experiments using cell-free extracts of

A. nidulans grown under conditions that do not pro-

mote the production of proteolytic activity (see

below), NmrA was resistant to prolonged incubation

(approximately 20 h). Cell-free extracts containing

protease activity were fractionated by chromatogra-

phy as described in Methods, and screened for pro-

teolytic activity in the presence and absence of the

serine protease inhibitor benzamidine using purifed

NmrA as the substrate. This procedure demon-

strated the presence of three separable peaks of pro-

tease activity that produced NmrA fragments of

slightly different size (Fig. 3). One protease activity,

designated PNMA (for protease NMA), generated

the digestion product FNM1A (for fragment NM1A)

of Mr approximately 33 kDa. PNMA was benzami-

dine insensitive and washed through the column

without binding. A second, benzamidine sensitive ac-

tivity designated PNMB, (for protease NMB), gener-

ated the digestion product FNM1B (for fragment

NM1B) of Mr approximately 32 kDa and was eluted

from the column by around 0.5 M NaCl. A third,

benzamidine insensitive, activity designated PNMC

(for protease NMC) was eluted just before PNMB

and generated an NmrA fragment indistinguishable

in SDS-PAGE analysis from FNM1B. Additionally,

all three proteases generated a third less intensely

staining NmrA fragment of approximate Mr 25 kda

in the standard proteolysis assay (see Methods). As

column fractions containing PNMB were the most

active, the generation of the 25 kDa fragment was

investigated by subjecting NmrA to extended diges-

tion (a time course of 4 h) with PNMB. Figure 4

shows the result of this digestion and demonstrates

that after 4 h the 25 kDa proteolytic fragment is a

Figure 2. Statistical analysis of the nuclear levels of NmrA

in different nitrogen regimes. wild type and nmrA deletion

strains were grown under three conditions using medium

containing 0.05% w/v glucose and 0.5% w/v quinic acid

and (1) 10 mM ammonium tartrate or (2) 10 mM sodium

nitrate as a nitrogen source, or (3) grown on ammonium

tartrate and transferred to nitrogen free liquid media for 4 h

for the starvation conditions. The bar chart shows the levels

of NmrA in mycelium of wild type and nmrA deletion strains

grown under the different nitrogen regimes. The y axis

shows the mean mean fluorescence intensity and the x axis

shows the nitrogen status of the growth medium. Each bar

represents the average of 60 mean fluorescence intensity

readings as detected by Leica software, and the error bars

show the standard error of the mean.

Figure 3. The specificity of PNMA and PNMB. 2 lg of

NmrA was incubated at 25�C for 30 mins in 50 mM

potassium phosphate pH 7.2, 1 mM DTT, with 1 lg of cell-

free A. nidulans extract (lane 1), 10 lL PNMA from the

highest activity fraction following DEAE HI Trap FF and

superdex chromatography (lane 2) or 10 lL PNMB from the

highest activity fraction following DEAE HI Trap FF and

superdex chromatography (lane 3), and lane 4 contains a

nondigested NmrA control. The digestion products were

separated by SDS-PAGE using a 10% acrylamide

separating gel and the positions of 45 and 29 kDa markers

are shown.
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major proteolytic product and was designated FNM2

(for fragment NM2).

NmrA undergoes ordered proteolysis

The site of proteolysis in NmrA for the production of

the fragments FNM1A and FNM1B was determined

by a combination of Edman sequencing and Mr

determination using LC-MS (see Methods). The pro-

tease PNMA produced an NmrA fragment of

33,404.2 Da (designated FNM1A), and PNMB pro-

duced a fragment of Mr 32,134.6 Da (designated

FNM1B). As a control, the Mr of bovine carbonic

anhydrase II was determined by this technique to be

29,023.7 Da. The measured value of the control Mr

showed Dalton level accuracy implying the same

level of accuracy with the NmrA peptide Mr deter-

minations. All attempts to elute the fragment FNM2

(generated by digestion with PNMB) from gel slices

were unsuccessful, consequently we were unable to

determine the Mr of this proteolytic fragment.

To use the Mr information for mapping the

cleavage sites within NmrA, the N-terminal amino

acid sequence of each FNM1A and FNM1B and that

of the stock NmrA substrate was determined (see

Methods) and in each case the sequence AQQKKTIA

was recovered. These results demonstrated that (a)

the recombinant NmrA stock lacked an N-terminal

methionine and (b) that each of the digested NmrA

peptides recovered started at the same N-terminus

and so must have different C-termini. Having deter-

mined that the stock of NmrA had no N-terminal

methionine we determined its Mr by MALDI-TOF to

be 38,663.8 Da which compares favorably with the

predicted Mr of 38,662.6 Da and shows that the

recombinant protein was not modified in any other

way. However the Mr of a sample of the same stock

of NmrA that had been subject to SDS-PAGE prior

to LC-MS was found to be 38,737.5 Da. These meas-

urements show that NmrA becomes covalently modi-

fied with an approximately 74 Da adduct (Table I)

as a result of the SDS-PAGE or the subsequent gel

extraction before LC-MS.

Knowing the N-terminus of the proteolytic prod-

ucts FNM1A and FNM1B and their accurate Mrs

allowed the deduction that the cleavage site of each

protease lies within the C-terminal surface exposed

nonordered region of NmrA (residues 281–309). The

LC-MS technique provides accuracy at the Dalton

level, however, there are no predicted cleavage prod-

ucts from NmrA that match the measured Mr values

with this level of accuracy (Table I). Given that

NmrA is covalently modified as a result of SDS-

PAGE and subsequent gel extraction for LC-MS

then, providing digestion by PNMA or PNMB does

not remove the site of modification, it is reasonable

to infer that the proteolytic fragments FNM1A and

FNM1B will be similarly modified. The peptides

2–291 and 2–306 differ from the measured Mrs of

FNM1B and FNM1A by �74.0 and �74.9 Da,

respectively, implying that they, like nondigested

NmrA, have been modified with an approximately

74 Da adduct as a result of SDS-PAGE and gel elu-

tion. In the case of the FNM1B fragment this hy-

pothesis was tested directly by repeating the Mr

determination with products of proteolysis that had

not been subject to SDS-PAGE. In this case, the

major digestion product had a measured Mr of

32059.65 kDa – a value that differs by 0.1 Da from

the predicted Mr of an NmrA fragment consisting of

amino acids 2–291. Therefore the most likely cleav-

age site to generate peptide FNM1A is between

amino acids M306 and Q307, and to generate pep-

tide FNM1B is between K291 and G292.

The FNM2 fragment of approximately 25 kDa

formed by the digestion of NmrA with a crude cell-

free extract of A. nidulans mycelium (therefore con-

taining PNMA, B and C activities) was gel purified

and LC-MS experiments produced an estimated Mr

of 25,252.93 Da. Use of the Edman reaction deter-

mined the N-terminal amino acid sequence as

AQQKKTIA implying it was generated by cleavage

within the surface exposed a helix 8. The measured

Mr of this NmrA fragment differs by 3.7 Da from

the predicted Mr generated by digestion between

residues A231 and F232. However, it is possible that

this fragment is modified by the 74Da adduct

described above, and if 74 Da is subtracted from the

measured Mr the difference from the Mr of a frag-

ment generated by digestion between residues A230

and A231 is 1 Da. It is likely therefore that this sec-

ond proteolytic fragment is generated by digestion

between A230 and A231. However this site of diges-

tion is incompatible with the specificity of trypsin-

Figure 4. Time course digestion with PNMB. 2 lg of NmrA

was incubated at 25�C in 50 mM potassium phosphate pH

7.2, 1 mM DTT, with approximately 5 units of PNMB

purified by DEAE HI Trap FF and superdex

chromatography. Samples were taken at intervals of 0.5 h

(lane 1), 1 h (lane 2), 2 h (lane 3), and 4 h (lane 4), lane 5 is

a nondigested NmrA control. The digestion products were

separated by SDS-PAGE using a 10% acrylamide

separating gel and the positions of 45 and 29 kDa markers

are shown. The digestion products FNM1B and FNM2 are

indicated by the arrows.
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like proteases such as PNMB (see below) and is

therefore likely to be due to digestion by PNMA or

C. Inspection of the amino acid sequence in this

area shows that there is a potential PNMB cleavage

site (R234/A235) 4 amino acids C-terminal to A230.

Thus in a mixture of the PNMA, B and C, the

FNM2 product of PNMB is a substrate for PNMA

and/or C.

The in vitro generated data above show that

NmrA is digested in an ordered fashion, with rapid

cleavage occurring within the C-terminal unordered

surface region generating fragments FNM1A and

FNM1B. As FNM1A is a substrate for the protease

PNMB, in crude cell-free extract FNM1A is con-

verted to FNM1B. Similarly the FNM2 fragment

that is generated at a slower rate by PNMB diges-

tion within a helix 8 is a substrate for PNMA and C.

The further digestion of FNM2 by PNMA, B and C

does not generate stable intermediates implying that

this fragment is disordered and that digestion is

occurring at multiple sites simultaneously. Therefore

the proteolytic fragment FNM1A/B appears to be

inherently resistant to proteolysis and requires either

an increase in digestion time or an increase in the

concentration of protease of 10-fold or more to achieve

quantitative conversion to lower Mr fragments.

Identification of PNMB

To try and identify the proteases that produce the

fragments FNM1A and B proteolytically active frac-

tions following Superdex chromatography were ana-

lyzed by SDS-PAGE following TCA precipitation (see

Methods). For the fractions generating FNM1A,

multiple weakly staining bands were observed. How-

ever in the fractions producing FNM1B a single

strongly staining protein was observed. The identity

of this protein was determined by a combination of

peptide mass spectrometry and LCMS-MS. The pep-

tides generated by tryptic digest were analyzed by

two independent means, Mascot identity database

searching and BLAST homology searching. Follow-

ing de novo sequencing the Mascot analysis showed

that several digest peptides matched significantly

with the hypothetical protein Q5BAR4_EMENI from

A. nidulans (Mascot score ¼ 252; threshold score ¼
25; probability of a random match ¼ 1 in 1021). An

independent analysis method using the program

DeNovoX was also used to attempt to sequence the

peptides de novo (that is without prior reference to

any databases) from their MS/MS spectra. The

results of this analysis were manually inspected and

the best 25–30 peptide MS/MS sequences were

extracted to a list for BLAST homology searching in

both directions. The results of the BLAST search

showed that the only significant matching protein

from searching the entire Swiss_Prot database iden-

tified the same hypothetical sequence as with Mas-

cot. This match also provided extra sequence cover-

age while giving added confidence in the protein

identification by an independent means of analysis.

Q5BAR4_EMENI is a hypothetical protein that

belongs to the Tryp_SPC (trypsin-like serine pro-

teases) superfamily and is encoded by the gene

AN2366.2. The predicted sites of cleavage by PNMB

(see above), and the sensitivity to benzamidine are

compatible with the specificity of trypsin-like pro-

teases. This analysis was repeated with a further

two separate purifications and generated the same

results suggesting that the protease identified may

correspond to PNMB and be responsible for the pro-

teolysis of NmrA in vivo. BLAST searches of non-

redundant protein databases revealed that Q5BAR4

is most closely similar to serine proteases in Diptera

(45% identity and 67% similarity to Anopheles

gambiae) but no matches to fungal homologues were

identified in the top 100 hits. A more selective

BLAST search of fungal genomes in the NCBI data-

base revealed potential homologues in Phaeosporia,

Sclerotinia, Gibberella, Nectria, Botryotinia,

Verticillium, and Pyrenophora species. It is interest-

ing to note that potential cleavage sites for PNMB

are conserved in NmrA homologues in filamentous

Table I. The Measured and Predicted Mrs of NmrA and its Proteolytic Products

Sample

Measured Mr (Da)
after SDS-PAGE
and gel extraction

Measured Mr (Da)
prior to SDS-PAGE
and gel extraction

Predicted Mr (Da)
from the amino
acid sequence

Difference (Da)
from measured
Mr of FNM1A

Difference (Da)
from measured
Mr of FNM1B

FNM1A 33,402.2 NA — — —
FNM1B 32,134.6 32,059.7 32059.8 — —
NmrA 2–352 38,737.5 38,663.8 38,662.6 — —
NmrA 2–291 NA NA 32,059.7 — �74.9 Da
NmrA 2–292 NA NA 32,116.8 — �17.8 Da
NmrA 2–293 NA NA 32,230.0 — þ95.4 Da
NmrA 2–306 NA NA 33,330.2 �74.0 Da —
NmrA 2–307 NA NA 33,458.4 þ54.2 Da —

The measured Mrs of NmrA lacking the N-terminal methionine (NmrA 2–352) and the FNM1B proteolytic fragment deter-
mined before and after SDS-PAGE and gel elution are shown with the predicted Mr derived from the amino acid sequence.
A difference of þ74.9 Da is evident in each case. Also shown are the measured Mrs of the NmrA proteolytic products
FNM1A and FNM1B after gel extraction along with the predicted Mrs of C-terminally deleted NmrA possible candidate
sequences.
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fungi including Aspergillus, Penicillium, Talaromy-

ces, Gibberella, and Neurospora.

Production of the PNMA, B and C protease

activities is associated with nitrogen limitation
The hypersensitivity of the two cleavage sites

located within the unordered surface loop of NmrA

provides a mechanism whereby its biological activity

can be rapidly modulated in response to small

increases in the concentration of the PNMA, B or C

protease activities. To determine if the production of

these protease activities is influenced by the nature

of the nitrogen source, mycelium was grown for 18 h

in liquid minimal medium with glucose as the car-

bon source and ammonium, nitrate, hypoxanthine,

or proline at 10 mM as nitrogen source, and cell-free

extracts assayed for protease activity. Protease activ-

ity was seen in all cases indicating that production

of the proteases was not dependent on growth in one

particular nitrogen source (data not shown). To look

at the effect of nitrogen limitation, mycelium was

grown in liquid minimal medium for 19 h with am-

monium or nitrate at concentrations of 2.5, 5.0, or

40 mM, and cell-free extracts assayed for protease

activity. Protease activity in cell-free extracts was

associated with growth in the lower concentrations

of nitrogen and was absent (even after prolonged

overnight incubation) in cell-free extracts of myce-

lium grown at the highest nitrogen concentrations.

Quinic acid is an abundant biomass in the natural

environment of A. nidulans that can be used as a

(noncatabolite repressing) carbon source.22 When

quinic acid was used as carbon source in conjunction

with 10 mm ammonium or nitrate, proteases were

only detected in mycelium transferred to nitrogen

free medium for 4 h. The reason for the apparent

difference in protease production between glucose

and quinic acid grown mycelium is likely to be due

to a slower growth rate with quinic acid leading to a

slower depletion of the nitrogen source during the

overnight growth phase. This observation implies

that the 38% diminution in nuclear NmrA levels

seen in nitrate versus ammonium grown mycelium

in the confocal microscopy experiments is not due to

proteolysis. It is more likely to be a consequence of

changes in nmrA-specific mRNA levels as these have

been shown to vary with nitrogen source (ammo-

nium versus alanine).8 Examples of the proteolytic

activity associated with cell-free extracts prepared

from mycelium grown on glucose, 5 and 40 mM am-

monium and nitrate are, respectively, shown in Fig-

ure 5. This pattern of production of PNMA, B and C

provides an in vivo mechanism whereby the lower-

ing of the nitrogen concentration to a critical point,

as a consequence of growth, can cause the in vivo

pool of NmrA to be inactivated. As the critical nitro-

gen concentration is reached, a low concentration of

protease is produced causing an increasing fraction

of the NmrA pool to be rapidly digested by preferen-

tial cleavage at the two hypersensitive sites in the

C-terminal region. As the concentration of nitrogen

falls further below the critical point, higher protease

concentrations are produced and the NmrA pool will

be degraded by cleavage at other less-sensitive sites.

The result of this diminution in NmrA concentration

would be to free an increasing pool of transcription-

ally active AreA and thereby potentiate the use of

new nitrogen sources as they become available.

The resistance of FNM1 to further proteolysis is

enhanced by binding oxidized dinucleotides

NmrA was digested singly with Superdex-purified

PNMA and B and DEAE FF-purified PNMC in the

presence and absence of 0.5 mM NADþ and the

appearance and further digestion of the FNM1 pro-

teolytic fragments were monitored over a 6 h diges-

tion (data not shown). In each case, the presence of

NADþ markedly protected the FNM1 fragments

from the extensive digestion seen in the absence of

dinucleotides or the presence of NADH. This effect

was also seen when NADPþ was substituted for

NADþ but was more variable and on average less

pronounced (data not shown). No protection was

afforded by the addition of NAD(P)H. This analysis

was repeated with three independent purifications

of PNMB and typical results are shown in Figure 6.

To test the hypothesis that it was the binding of oxi-

dized dinucleotides to NmrA that was responsible

for this affect the experiments were repeated with

mutant NmrA that has a reduced ability to bind

NADþ. The NmrA protein encoded by plasmid

pMUT170 has the changes N12G/A18G (designated

Figure 5. The effect of nitrogen limitation on the production

of PNMA and PNMB. Wild-type A. nidulans mycelia were

grown with glucose (0.4% w/v) as carbon source and

ammonium tartrate or sodium nitrate as nitrogen sources at

concentrations of 5 and 40 mM. Mycelia were harvested

after 19 h growth and 1 lg of cell-free extract from each

harvest was incubated with 2 lg NmrA as described in the

Legend to Figure 3. Lane 1 ¼ glucose plus 5 mM

ammonium, Lane 2 ¼ glucose plus 40 mM ammonium,

Lane 3 ¼ glucose plus 5 mM nitrate, lane 4 ¼ glucose plus

40 mM nitrate, Lane 5 ¼ nondigested NmrA control. The

digestion products were separated by SDS-PAGE using a

10% acrylamide separating gel and the positions of 45 and

29 kDa markers are shown.
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NmrAN12G/A18G) and a 13-fold increase in the KD for

the binding of NADþ.11 NmrAN12G/A18G was purified

in bulk and the digestion experiments repeated

using Superdex-purified PNMA and B – typical

results are shown in Figure 6. Inspection of Figure 6

shows that the disappearance of FNM1B from

NmrAN12G/A18G digested by PNMB was not substan-

tially modulated by the presence of NADþ. This ob-

servation supports the hypothesis that the protective

effect of NADþ is through binding to NmrA and

FNM1B rather than by binding to and inhibiting the

protease.

Proteolytic digestion within its C-terminal
unordered loop abrogates the ability of

NmrA to bind the AreA Zf

The data in Figure 6 imply that the FNM1B proteo-

lytic fragment retains sufficient structural integrity

to bind NADþ, and we wished to know if FNM1B

was able to bind to the AreA Zf. We have previously

shown by ITC that NmrA binds endothermically to

the C-terminal 213 amino acids of AreA (AreA664–876)

with a 1:1 stoichiometry and a KD of approximately

0.26 lM.10 Crystallographic studies showed that

NmrA specifically interacts with the AreA Zf con-

tained within AreA amino acids 663–727, however

these experiments gave no indication of the strength

of binding. Therefore preliminary ITC experiments

were carried out to quantify the interaction of NmrA

with two overlapping amino acid sequences that

encompassed the AreA Zf. The interaction of NmrA

with AreA amino acids 637–727 (AreA637–727) and

663–727 (AreA663–727) was measured by ITC and a

typical result is shown in Figure 7(A). Table II sum-

marizes the thermodynamic parameters associated

with the interactions. Inspection of Table II shows

that absence of the C-terminal 149 amino acids (con-

tained within AreA664–876) of AreA has a modest

increase of around 4-fold in the KD for the interac-

tion of NmrA with AreA663–727.

NmrA was digested with PNMB in the presence

of 0.5 mM NADþ, generating FNM1B and a C-termi-

nal fragment of approximately 6.6 kDa. The FNM1B

fragment was purified as described in Materials and

Methods and when analyzed by SDS-PAGE using a

15% separating gel, was found to copurify with the

6.6 kDa Mr fragment. Mass spectrometry deter-

mined the accurate Mr of this protein to be 6.625

kDa, a value identical (within experimental error) to

that of the C-terminal fragment produced by the

digestion of NmrA by PNMB. Densitometry meas-

urements using PROGENESIS software (Nonlinear

Dynamics, UK) showed that the FNM1B and C-ter-

minal fragments of NmrA purified with a 1:1 stoichi-

ometry. These observations indicate that when

PNMB cleaves NmrA within its C-terminal surface

exposed loop, the FNM1B and C-terminal fragments

produced remain associated and that this association

is not disrupted by MONO Q FPLC. In the following

description the designation FNM1BþC-term refers

to NmrA that has been digested with PNMB and the

proteolytic fragments purified by MONO Q FPLC.

In contrast to nondigested NmrA [Fig. 7(A)], in ITC

experiments where FNM1BþC-term was titrated

onto AreA663–727 no significant heat exchanges over

baseline controls were observed [Fig. 7(B)], implying

that FNM1BþC-term and AreA663–727 did not inter-

act. This observation can be rationalized by consid-

ering the crystal structure of NmrA in a complex

with the AreA663–727. The AreA Zf interacts mainly

through a-helices 1, 6, and 11 of NmrA in a combina-

tion of polar and hydrophobic contacts.9 Of the four

hydrogen bonds between the AreA Zf and NmrA,

three involve amino acids located within the C-ter-

minal 27 amino acids of NmrA. Cleavage within the

unordered surface loop will break the covalent link

to the C-terminal peptide and is therefore likely to

cause changes to its orientation relative to the

FNM1B fragment. Such changes could disrupt the

potential polar contacts of FNM1BþC-term with

Figure 6. Digestion of wild type and mutant NmrA by PNMB in the presence and absence of NADþ and NADH. 2 lg of

NmrA or the mutant form NmrAN12G/A18G was digested with approximately 10 units of Superdex-purified PNMB in the

presence and absence of 0.5 mM NADþ or NADH for 1, 2, 4, or 6 h in a final volume of 10 lL in 50 mM potassium

phosphate pH 7.2, 1 mM DTT. The lane labeled ‘C’ is nondigested NmrA. The digestion products were separated by

SDS-PAGE using a 10% acrylamide separating gel.
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Figure 7. Typical ITC data for the endothermic binding of NmrA to the AreA Zinc Finger and the exothermic binding of NADþ

to FNM1BþC-term at 25 (C. (A): (Upper panel): Heat uptake upon injection (1 x 2 lL and 24 x 10 lL) of NmrA (300 lM) into

the calorimetric cell (1.4 mL) containing AreA663–727 (28 lM). Heat pulses in the absence of AreA663–727 (not shown) were

negligible. (Lower panel): Integrated heat pulses, normalized per mole of injectant, giving a differential binding curve that is

adequately described by a single-site binding model; (B): (Upper panel): Heat uptake upon injection (1 x 2 lL and 24 x 10 lL)
of FNM1BþC-term (200 lM) into the calorimetric cell (1.4 mL) containing AreA663–727 (25 lM). Heat pulses in the absence of

AreA663–727 (not shown) were negligible. (Lower panel): Integrated heat pulses, normalized per mole of injectant; (C): (Upper

panel): Heat uptake upon injection (1 x 2 lL and 24 x 10 lL) of NADþ (2 mM) into the calorimetric cell (1.4 mL) containing

FNM1BþC-term (112 lM). Heat pulses in the absence of FNM1BþC-term (not shown) were negligible. (Lower panel):

Integrated heat pulses, normalized per mole of injectant, giving a differential binding curve that is adequately described by a

single-site binding model.
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AreA663–727 and account for their observed inability

to interact.

To test the hypothesis that NmrA and

FNM1BþC-term have some structural differences,

we determined their far-UV CD spectra (Fig. 8).

Inspection of Figure 8 shows that there are small

differences in the far-UV CD spectra in the region

202–222 nm, consistent with a subtle change in

structure of FNM1BþC-term relative to NmrA. In

ITC experiments FNM1BþC-term bound NADþ

[Table II and Fig. 7(C)], however, the calculated stoi-

chiometry of the interaction (approximately 0.6) was

lower than the value of 1 known from structural

studies12 and the KD could not be reliably calculated

as the ‘c’ value fell below 1.21 The reason for the

aberrant stoichiometry and low c value is possibly

due to the subtle structural changes revealed by the

far-UV CD spectrum of FNM1BþC-term. These

changes may cause a reduction in the half life of the

ability of FNM1BþC-term to bind NADþ. The neces-

sary time taken (72 h) to generate, purify and use

FNM1BþC-term in ITC experiments makes it likely

that the protein solution used was a mixture of

active and inactive molecules. However, the ITC

data do confirm directly that purified FNM1BþC-

term retains the ability to bind NADþ.

Discussion

Proteolytic processing of fungal transcription factors

has been reported previously. For example, the

A. nidulans zinc finger-containing transcription fac-

tor PacC undergoes two step proteolytic processing

in response to alkaline ambient pH.23 However, this

differs from the case of NmrA where proteolysis neg-

ates the activity of a transcription repressor, in that

PacC is processed to produce the biologically active

form of a transcription activator.23 Proteolytic proc-

essing of a transcription repressor has been reported

in Human, and the possibility of regulating transcrip-

tion factors by target-specific proteolysis has been

suggested as a general mechanism.24 For example,

activation of the nuclear factor j-B (NF-j-B) is modu-

lated by its interaction with the repressor protein

IjB-a, and the activity of IjB-a is itself controlled by

ubiquitination and subsequent proteasome-mediated

degradation.24-26

Depletion of NmrA under conditions of nitrogen

starvation has been reported previously.8 In these

experiments western blot analysis was used to moni-

tor the levels of NmrA over a 4 h period of nitrogen

starvation and demonstrated almost complete loss of

Table II. Thermodynamic Parameters for Binding of NmrA to the Area Zinc Finger and the Binding
of NADþ to FNM1BþC-term Determined by ITC at 250�C

Ligand in syringe Ligand in cell n
KD(app)

lM
Average KD(app)

lM
DHobs

kcal mol�1
DS0

cal K�1 mol�1 c

0.30 mM NmrA 28lM AreA637–727 0.9 (0.1) 1.17 1.28 6 0.26 13.6 (0.4) 72.7 22
0.30 mM NmrA 28lM AreA637–727 1.0 (0.1) 1.10 13.5 (0.2) 72.6 26
0.30 mM NmrA 28lM AreA637–727 1.1 (0.1) 1.58 13.6 (0.2) 72.2 19
0.27 mM NmrA 30 lM AreA663–727 1.0 (0.1) 0.93 0.89 6 0.08 13.5 (0.2) 73.07 31
0.27 mM NmrA 30lM AreA663–727 1.0 (0.1) 0.79 14.0 (0.1) 75.10 37
0.27 mM NmrA 30lM AreA663–727 1.00 (0.1) 0.94 14.6 (0.2) 76.50 32
2 mM NADþ 112 lM FNM1BþC-term 0.6 (0.2) NA NA �3.6 (1.5) 6.03 0.62
2 mM NADþ 112 lM FNM1BþC-term 0.6 (0.1) NA �4.4 (1.11) 3.65 0.59

The binding of AreA637–727 and AreA663–727 to NmrA was measured in 50 mM potassium phosphate pH 7.2, 5 mM DTT
buffer. Shown are the values for n, the stoichiometry of binding; KD(app), the apparent equilibrium dissociation constant;
DHobs, the observed enthalpy; and DS0, the standard entropy change for single-site binding, for sets of three individual
assays for each protein construct. The c values for the NmrA:AreA Zf interaction fall within the range of 1–1000 that
allows the isotherms to be accurately deconvoluted with reasonable confidence to derive K values.22 The c values for the
FNM1BþC-term: NADþ interaction are below 1 therefore the isotherms cannot be accurately deconvoluted to calculate the
KD for the interaction. The average KD(app) values for the NmrA:AreA Zf interaction are shown 6 S.D. NA ¼ not
applicable.

Figure 8. Far-UV circular dichroism analysis of NmrA and

FNM1BþC-term. The secondary structure of NmrA and

FNM1BþC-term at a concentration of 0.5 mg mL�1 in 50

mM KPO4 pH 7.2, 1 mM DTT was probed by far-UV CD

spectroscopy. CD spectra for each protein were recorded

from 10 accumulative scans of protein in buffer and buffer

alone at 200�C using a Jasco J-810 spectropolarimeter.

The buffer baseline was subtracted from the experimental

value, the data adjusted for protein concentration and the

results shown as molecular CD units. The trace with the

greatest signal between 202 and 222 nm is from

nondigested NmrA.
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NmrA. These observations are entirely consistent

with the diminution in the levels of wild-type NmrA

seen in the fluorescence microscopy experiments

reported here. However the diminution in the NmrA

levels over a time course of nitrogen starvation con-

ditions seen in the western blot experiments was not

associated with the formation of proteolytic products

corresponding to FNM1A, FNM1B or FNM2. This

apparent anomaly can be explained by considering

the genotype of the A. nidulans strain used in the

western blot experiment. The strain used contained

a recombinant nmrA gene situated at the normal

locus and under the transcriptional control of

the native nmrA promoter and the 3/ untranslated

region of the trpC gene. The recombinant nmrA

gene encoded an NmrA protein that had a Flag tag

fused to its C-terminus and the NmrA fusion protein

was identified in western blots by the use of anti-

Flag tag antibodies. Due to the ordered proteolysis

of NmrA, the first site to be digested will be in the

C-terminal disordered surface loop and this will

have the effect of severing the covalent link between

the N-terminal NmrA fragments and the Flag

epitope. Consequently proteolytic intermediates

FNM1A, FNM1B, and FNM2 of NmrA would be ren-

dered invisible in a western blot analysis that used

an anti-Flag tag antibody.

The finding that the sequence of the hypotheti-

cal protein Q5BAR4 is not highly conserved and

only sporadically identified in BLAST searches of

closely related species was unexpected. It may be

that in this respect A. nidulans is atypical and that

the ordered proteolysis of NmrA is an unusual as-

pect of the control of NMR confined to this species.

However protein BLAST searches reveal that homo-

logues, albeit with substantial sequence divergence,

appear to be present in Gibberella zeae and A. ter-

reus. It is possible that in other species trypsin-like

enzymes that are not revealed in BLAST searches

with Q5BAR4 fulfill the same function. In this

respect, we note that Bovine trypsin has 36.5%

identity with Q5BAR4 but was not identified in the

top 100 proteins hits in such a BLAST search.

Nonetheless Bovine trypsin digests NmrA in a man-

ner indistinguishable in SDS-PAGE analysis from

PNMB (data not shown). In vivo confirmation that

PNMB corresponds to Q5BAR4 requires the genera-

tion and analysis of an A. nidulans strain deleted

for the gene AN2366.2. Further in vitro proof could

be provided by analyzing the proteolytic properties

of purified of recombinant Q5BAR4 encoded by

AN2366.2.

We have speculated previously that NmrA may

have an additional role as a redox sensor.10 If the

function of a redox sensing ability is to form a link

between changes to cellular metabolism and the con-

trol of transcription, one might expect that NmrA

would be more likely to have its biological effects

modulated by binding reduced dinucleotides.27 The

rationale for this argument is that it follows from

the high (mM range) NAD(H) concentration and the

high NADþ/NADH ratio (500–700)28,29 that conver-

sion of NADþ to NADH will have the greatest rela-

tive effect on the NADH level.27 In this respect we

note that the Human protein HSCARG, which

belongs to the NmrA-like structural family, binds

NADPH with a 360-fold lower KD than that for

NADPþ.15 Given these observations, a redox sensing

role for NmrA is less likely.

Interestingly, the resistance of the N-terminal

32 kDa proteolytic fragment of NmrA (FNM1A/B) to

further digestion is enhanced in vitro by binding oxi-

dized dinucleotides. However, the biological signifi-

cance of this observation is not clear as the initial

proteolytic cleavage event does not appear to be

affected by dinucleotide binding and is sufficient to

abrogate the ability of NmrA to bind to the AreA Zf.

It could be argued therefore that the dinucleotide

binding properties of NmrA have no in vivo signifi-

cance and are simply an evolutionary ‘echo’ of its

membership of the superfamily containing the short-

chain dehydrogenase-reductases (SDRs).12 However

the dinucleotide binding motif GlyXXGlyXXGly

characteristic of bi-domain SDRs is replaced by the

sequence AsnXXGlyXXAla in NmrA. It appears

therefore that although there have been substantial

evolutionary changes to the amino acid sequence,

there has been selective pressure for NmrA to retain

the ability to bind oxidized dinucleotides. Most of

the dinucleotide pool is believed to be protein boun-

d29in vivo, and this latter observation has led to the

caveat that ‘estimates of the actual substrate avail-

ability, for example, for NAD(P)þ-mediated signaling

processes are to be viewed with caution, at least,

when based upon pyridine nucleotide concentrations

in cellular extracts’.29 As NmrA appears to be pro-

duced in vivo under most physiological conditions,

there is no obvious reason why it should not form

part of the cellular pool of protein that binds the

majority of the dinucleotide pool in vivo. Therefore,

it is not unreasonable to infer that a significant pro-

portion of the in vivo NmrA pool is likely to have

bound NADþ under most physiological conditions. In

a highly speculative scenario it is possible that the

FNM1BþC-term protein of NmrA may have an

in vivo biological role distinct from the repressing

role of intact NmrA. If this were the case then in

the presence of PNMA, B and C dinucleotide binding

may increase the half life of any biological function

associated with FNM1BþC-term.

In conclusion, we propose that the dynamic

interplay between the production of NmrA and its

subsequent ordered proteolysis facilitates a rapid

and finely tuned response to changes in the concen-

tration and nature of the nitrogen source supporting

growth.
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Materials and Methods

Materials
Chemicals and solvents were purchased from local

suppliers and were of AnalaR or greater purity. All

other molecular biology and biochemistry reagents

(which were used in accordance with the manufac-

turers recommendations) and chromatography col-

umns were purchased from Sigma, Invitrogen or GE

Healthcare. Secondary antibodies were from Abcam

UK and mouse antibody to chick a tubulin was from

Fitzgerald Industries International, USA.

Fungal strains
Two fungal strains were used in this research. The

wild type strain R21 (yA2, pabaA1), and the nmrA

deletion strain MH8935 (yA1, nmrA::Bleo, amdS::

lacZ, pyroA4).

Molecular biology and biochemistry
All other routine molecular biology protocols fol-

lowed individual manufacturer’s recommendations

or were as previously described.10,11

Production and affinity purification of

rabbit anti-NmrA antibodies
Rabbit antibodies were raised against purified NmrA

according to standard protocols.30 NmrA (350 mg)

was covalently bound to NHS-activated sepharose

(25 ml) as previously described31 and used as an

affinity column to purify NmrA-specific antibodies

from rabbit serum. Filtered antibody serum was

loaded onto the NmrA:NHS-sepharose column and,

following a wash with 300 mL of 0.2 M sodium ace-

tate to remove nonspecifically bound proteins, anti-

bodies were eluted from the column in two steps.

First the column was eluted with 200 mL of 3.6 M

MgCl2, 0.2 M sodium acetate pH 6.5 collecting

10 mL fractions and second, following a wash with

250 mL of 10 mM potassium phosphate buffer pH

6.8 the column was further eluted with 500 mL of

100 mM glycine, pH 2.5, and collecting 10 mL frac-

tions. Antibody-containing fractions were pooled and

dialyzed twice against 5 L of PBS pH 7.5 and stored

in 100 lL aliquots at �80oC. ELISA measurements

showed that a 1 in 6,400 dilution of the antibody

gave a signal that was at least 100-fold higher than

background levels.

Fluorescence confocal microscopy and

statistical analysis of fluorescence data

A. nidulans wild-type strain R21 and nmrA deletion

strain MH8935 were used throughout the micros-

copy work. Growth of mycelium on cover slips for

fluorescence confocal microscopy followed the

method of Osmani et al.32 except that Novozyme

Vinoflow FCE, prepared as described by Szewczyk

et al.,33 was used to digest the cell walls to allow

entry of antibodies. In these experiments the carbon

source was 0.5% w/v quinic acid, 0.05% w/w glucose.

Quinic acid was used because it is an abundant bio-

mass utilized by A. nidulans when growing in its

natural environment – the supplementation with

low levels of glucose was to aid the initial germina-

tion of the conidiospores. Nonspecific sites were

blocked for 30 min by incubation buffer (PBS con-

taining 5% w/v BSA). NmrA was visualized by the

sequential use of rabbit anti-NmrA antibodies and a

secondary goat anti-rabbit IgG antibody conjugated

to Cy5. A monoclonal mouse antibody to chick tubu-

lin that cross reacts with A. nidulans tubulin was

used in conjunction with a goat polyclonal antibody

to mouse IgG conjugated to FITC to visualize the

boundaries of the hyphae. An overnight incubation

with primary antibodies (1:1000) and RNase (1:200

of a 10 mg mL�1 solution) was carried out at 4�C in

incubation buffer. After washing three times with

PBS, secondary antibodies (1:1000) and DAPI

(1:1000 of a 10 mg mL�1 solution) were applied in

incubation buffer for 2 h at room temperature. Cover

slips were mounted in 50% glycerol. To measure the

relative concentration of NmrA present in the myce-

lium under different nitrogen growth regimes, three

representative areas of mycelial growth were

selected on each of three separate cover slips for

each growth condition prepared on different days.

The fluorescence intensities within 20 randomly

placed, fixed sized areas, spread over the three rep-

resentative areas of mycelial growth on each cover

slip were recorded for each location giving a final

sample size of 60 measurements for each growth

condition. All statistical analysis was carried out

using SPSS. Data are presented as mean 6 the

standard error of the mean of n determinations. The

fluorescence measurements were initially analyzed

by the ANOVA test which indicated statistically sig-

nificant differences at the P < 0.05 level between

some of the data groups, and subsequently individ-

ual T-tests were performed to identify the source of

these differences. When measuring the cytoplasmic

values, the contribution from the NmrA channel was

omitted from the screen representation and all

measurements were taken within the boundaries

defined by the fluorescence from the tubulin. Simi-

larly the intensity resulting from NmrA within the

nucleus was measured within the area defined by

the DAPI fluorescence. All measurements were

taken with a Leica TCS SP2 confocal microscope and

processed using Leica LCS Lite software (Leica

Microsystems, Germany).

Protein purification

NmrA and C-terminal fragments of AreA including

the Zf were purified as previously described.9 The

proteases PNMA and PNMB were separated and

partially purified according to the following protocol:

1416 PROTEINSCIENCE.ORG Proteolysis of NmrA



25 g of frozen mycelium grown at 37oC in minimal

medium containing 10 mM ammonium tartrate and

subsequently transferred to nitrogen free medium

for 4 h, was ground to a fine powder in liquid nitro-

gen and soluble proteins extracted by stirring on ice

in 0.1 M Tris pH 7.5 for 1 h. Following centrifuga-

tion at 10,000 x g for 30 min the clarified superna-

tant was filtered through a 0.45 lM filter and chro-

matographed on a 5 mL Hi-Trap FF DEAE column

in conjunction with an AKTA explorer chromatogra-

phy station (GE Healthcare). A 20 column volume

0.0 to 1.0 M NaCl gradient in 0.1 M Tris pH 7.5 was

used to elute bound proteins in 2 mL fractions after

a 30 column volume wash. The column flow through

and wash was collected as 10 mL fractions. Prote-

ase-containing fractions were identified by SDS-

PAGE analysis of 10 lL reaction volumes, in which

2 lL of individual fractions were incubated with

2 lg of purified NmrA for 30 mins at 25�C. Appropri-

ate pools containing the proteases PNMA and

PNMB were pressure concentrated 50-fold and fur-

ther chromatographed on a Superdex 200 HR 10/30

column (GE Healthcare) equilibrated and eluted in

50 mM potassium phosphate pH 7.2, 1 mM DTT,

150 mM NaCl collecting 0.5 mL fractions. Proteolyti-

cally active fractions were subsequently pooled. The

NmrA proteolytic fragment FNM1B was generated

by digesting full-length NmrA with purified PNMB

in the presence of 0.5 mM NADþ in buffer consisting

of 50 mM potassium phosphate pH 7.2, 1 mM DTT

at 25oC. The digestion was monitored by SDS-PAGE

until greater than 95% of the full-length NmrA had

been digested, at which point the reaction was ter-

minated by the addition of benzamidine to 10 mM.

FNM1B was subsequently purified from PNMB and

the benzamidine by chromatography on a MONO Q

10.100 GL FPLC column. Digested NmrA (typically

45 mg) was applied to the MONO Q column in

50 mM potassium phosphate pH 7.2, 1 mM DTT and

after a three column volume wash was eluted at

3 mL min�1 with a 0 to 1.0 M NaCl gradient collect-

ing 2 mL fractions. After pooling suitable fractions

from the MONO Q salt gradient, NaCl was removed

by dialysis against 50 mM potassium phosphate pH

7.2, 1 mM DTT and typically yielded approximately

25 mg of the FNM1B proteolytic fragment.

Protease assays

In the standard assay for protease activity, 2 lg of

NmrA was incubated at 25oC for 30 min in 50 mM

potassium phosphate pH 7.2, 1 mM DTT, with 1lg
of cell-freeA. nidulans extract in a final volume of

10 lL. Following digestion, the products were ana-

lyzed by SDS-PAGE using a 10% separating gel. The

same buffer conditions were used for longer diges-

tions times in the range 3–20 h to detect less-sensi-

tive protease sites. To attempt a semiquantitative

measure of protease activity using NmrA as a sub-

strate, 1 unit of activity is defined as the amount of

protease necessary to convert 1 lg of NmrA to

FNM1 in 2 h at 25oC in a reaction mixture contain-

ing 2 lg NmrA in 50 mM potassium phosphate pH

7.2, 1 mM DTT in a final reaction volume of 10 lL.
Amounts of product formation were estimated by

eye after separation by SDS-PAGE and staining for

protein with coomassie blue. In selected assays of

some crude cell-free extracts benzamidine was added

to a final concentration of 1 mM to inhibit the activ-

ity of the protease PNMB.

Edman protein sequencing

Proteins resolved by SDS-PAGE were electroblotted

onto PVDF membranes with 10 mM CAPS buffer

(cyclohexlyamino-1-propanesulphonic acid), pH 11.0,

containing 10% methanol. Membranes were then

stained with Coomassie blue and the bands excised

for N-terminal Edman protein sequence analysis

using an LF3000 sequencer (Beckman, Fullerton,

CA, USA).

Protein extraction
Protein was extracted from gel slices as follows.

Destained gel bands were diced into small pieces (ca.

1 mm2) and placed in a 0.2 mL tube. A solution con-

sisting of 50% hexafluoro-2-propanol HFIP, 20% for-

mic acid (aq) was added to just cover the gel slices

(�50 lL). Extraction was performed for 2 h at room

temperature before the supernatant was removed to

a clean 0.2 mL tube and reduced to 10 lL in vacuo

before being subjected to LC-MS or MALDI analysis.

The recoveries of full length and protease generated

fragments of NmrA from this procedure were uni-

formly low and sufficient quantities were generated

by eluting multiple-gel slices.

MALDI-TOF MS
MALDI-TOF analysis was performed using a Voy-

ager DE-STR MALDI-TOF mass spectrometer

(Applied Biosystems, Framingham, MA, USA). The

instrument was operated in linear mode for whole

protein analysis and in reflectron mode for peptide

digests. Monoisotopic peptide mass fingerprints were

generated and average protein masses (Mr) assigned

using Data Explorer software (Applied Biosystems).

For whole protein mass measurements four sequen-

tial 0.5 lL aliquots of intact protein extract were

dried onto a target plate pre-spotted with 1 lL of

sinapinic acid matrix solution (10 mg ml�1 in 50%

acetonitrile, 0.1% trifluoroacetic acid). Tryptic pep-

tides for matrix-assisted laser desorption/ionization

(MALDI-TOF) mass fingerprinting were eluted from

a Zip-Tip (Milipore) directly onto a target plate

using a matrix solution of alpha cyano-4-hydroxycin-

namic acid (10 mg ml�1) in 50% acetonitrile, 0.1%

trifluoroacetic acid (2 lL). The tryptic digest data

was analyzed by two independent means, Mascot
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identity database searching and BLAST homology

searching of de novo generated sequences in con-

junction with the program DeNovoX (Thermo. The

de novo sequencing of peptides was attempted from

their MS/MS spectra without prior reference to any

database. The output of this process was manually

inspected and the ‘best’ 25–30 peptide MS/MS

sequences were extracted to a list for BLAST homol-

ogy searching in both directions using the Swiss-

Prot database.

Whole protein LC-MS

The 10 lL protein extract was diluted to 50 lL using

0.1% formic acid (aq) and the acidified protein solu-

tion loaded onto a home-made trap column (approxi-

mate dimensions: 2 mm long X 1 mm diameter)

packed with C18 sorbent (3M Empore, 60A pore,

12 l particle size). Loading was performed using the

syringe pump of the mass spectrometer at 10 lL
min-1. The loaded trap column was then flushed

with 100 lL of 0.1% formic acid to remove nonbound

material. For electrospray protein analysis the trap

was switched in-line with the flow of an HPLC (Agi-

lent 1100) pumping at 100 lL/min and flow-split to

produce a trap column flow of 10 lL min-1. Buffer A

contained 0.1% formic acid (aq) and buffer B was

acetonitrile with 0.1% formic acid. A linear elution

gradient from 4% to 64% B in 22 min was used to

elute the bound protein from the C-18 trap. The flow

from the column was coupled to an ‘Ion Max’ ion

source (ThermoElectron, Bremen, Germany) and

sprayed directly into an LTQ-FT mass spectrometer

(ThermoElectron, Bremen, Germany). LC-MS data

was collected using the FTMS analyser in full scan

and normal mass range mode at a resolution of

200,000 (at m/z ¼ 400). The mass spectrometer col-

lected data from scans over the mass range m/z ¼
300 – 2000. Mass spectrum plots and spectral decon-

volution were generated using the QualBrowser pro-

gram (ThermoElectron, Bremen, Germany). Protein

spectra were deconvoluted to determine the average

molecular mass of the protein (Mr) assuming ‘avera-

gine’ (0.2678% sulfur) composition.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is a nondes-

tructive and noninvasive (label-free) technique that

can be used to give a direct measure of the KD and

additionally provides information on the enthalpy

(DH) and stoichiometry (n) of ligand binding.34-36 In

these ITC experiments one protein solution is placed

in a reaction vessel and a second protein is titrated

in from a syringe whilst constantly stirring the mix-

ture. Any heat absorbed (endothermic reaction) or

released (exothermic reaction) when ligand binds to

the protein is measured directly. Standard Gibbs free

energy (DG0) and entropy (DS0) of ligand binding are

subsequently calculated from the following equations:

DG0 ¼ �RT: lnKb ¼ þRT: lnKD ¼ DH � T:DS0:

ITC experiments were performed at 25�C using

a high precision VP-ITC system (Microcal). Proteins

were dialyzed into 50 mM potassium phosphate pH

7.2, 1 mM DTT, and the concentrations of the

reagents used in the injector and cell are shown in

Table II and the legend to Figure 7. The heat

evolved following each 10 lL injection was obtained

from the integral of the calorimetric signal. The heat

due to the binding reaction was obtained as the dif-

ference between the heat of reaction and the corre-

sponding heat of dilution. Analysis of data was per-

formed using Microcal Origin software.

Circular dichroism spectroscopy
The far-UV CD spectrum of NMRA and FNM1BþC-

term was recorded from an average of 10 accumula-

tive scans at 20�C from 250 to 185 nm using a Jasco

J-810 spectropolarimeter and cuvettes with a 0.01

cm pathlength. Samples of NmrA and FNM1B in 50

mM potassium phosphate pH 7.2, 1 mM DTT were

used at concentration of approximately 0.5 mg ml�1.

The buffer baseline was subtracted from the experi-

mental value, the data adjusted for protein concen-

tration and the results converted to molecular CD

units.
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