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Native states of proteins are flexible, populating more than just the unique
native conformation. The energetics and dynamics resulting from this
conformational ensemble are inherently linked to protein function and
regulation. Proteolytic susceptibility is one feature determined by this
conformational energy landscape. As an attempt to investigate energetics of
proteins on a proteomic scale, we challenged the Escherichia coli proteome
with extensive proteolysis and determined which proteins, if any, have
optimized their energy landscape for resistance to proteolysis. To our
surprise, multiple soluble proteins survived the challenge. Maltose binding
protein, a survivor from thermolysin digestion, was characterized by in vitro
biophysical studies to identify the physical origin of proteolytic resistance.
This experimental characterization shows that kinetic stability is responsible
for the unusual resistance in maltose binding protein. The biochemical
functions of the identified survivors suggest that many of these proteins
may have evolved extreme proteolytic resistance because of their critical
roles under stressed conditions. Our results suggest that under functional
selection proteins can evolve extreme proteolysis resistance by modulating
their conformational energy landscapes without the need to invent new
folds, and that proteins can be profiled on a proteomic scale according to
their energetic properties by using proteolysis as a structural probe.
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scape of a protein. This energy landscape is encoded
within the amino acid sequence, and underlies
biological properties such as catalysis, signal trans-
duction, and protein turnover.*” Thus, the entire

Introduction

Proteins do not adopt unique, static structures;
they access many different conformations within the

native state ensemble.'™ This ensemble includes
small fluctuations around the native conformation,
partially unfolded forms, and even the globally
unfolded form. The population of each conformation
is determined by its stability according to a Boltz-
mann distribution. These populations, combined
with the dynamics of interconversion among con-
formations, define the conformational energy land-
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energy landscape is subject to the same types of
evolutionary pressures as is the native structure.

In spite of the great interest in energy landscapes,
experimental determinations of energetic informa-
tion on protein conformations have been slow,
requiring purification of individual proteins and
investigation with traditional biophysical instru-
mentation. These limitations have impeded acquir-
ing a system-wide perspective on protein energetics.
What is the distribution of kinetic and thermody-
namic stabilities of proteins within a proteome? Is
there a biological reason for the difference in con-
formational energy landscapes between proteins?
Are the conformational energy landscapes of ortho-
logous proteins conserved along with their struc-
tures and functions? These questions demand a new
approach to studying protein energetics.

0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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Here we report an investigation of proteolytic
susceptibility as an attempt for energetic profiling of
proteins on a proteomic scale. A protein’s suscept-
ibility to proteolytic digestion is a functional attri-
bute linked to its energy landscape.®'® In order to be
cleaved, the substrate polypeptide chain must be
extended to fit into the substrate-binding sites of a
protease,'’ which make compactly folded proteins
poor substrates for proteolysis. Proteolysis of com-
pactly folded proteins requires access to high-energy
cleavable states, where cleavage sites are exposed to
proteases through local or global unfolding (Figure
1(a)).*"** Proteolytic susceptibility of folded pro-
teins, therefore, is determined by the thermody-
namic or kinetic accessibility of these cleavable
states. The nominal energy landscape diagrams in
Figure 1(b) depict how proteolytic susceptibility is
dictated by energy landscapes. Each diagram shows
the energy levels of folded, intermediate, and
globally unfolded states. When a protein has an
unstructured region in its native conformations, the
protein can be cleaved by a protease without
unfolding (1 in Figure 1(b)). Proteins 2 and 3 show
different global stability but the same susceptibility,
while proteins 3 and 4 have the same global stability
but different susceptibility. Protein 5 has a cleavable
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Figure 1. Proteolysis of proteins under native condi-
tions. (a) Schematic representation of the mechanism of
proteolytic cleavage of a protein in its native state. Proteins
without flexible loops or unstructured regions in the
folded conformation are protected from proteolysis. These
proteins are cleaved only by accessing cleavable states.
kop, ke, and kine are the kinetic constants for opening,
closing, and intrinsic proteolysis steps, respectively. (b)
Nominal energy landscape of proteins to explain proteo-
lytic susceptibility. Lowest lines in the energy diagram
indicate native forms, and the highest lines indicate fully
unfolded forms. Lines in red indicate the cleavable states
between folded and globally unfolded states. Proteins
with flexible loops or unstructured regions (1) are digested
even in their native conformation. Otherwise, proteins
need to unfold fully (2), or transform to a cleavable form (3
and 4), to be digested. Kinetic barriers can also result in
resistance to proteolysis by making it difficult to access the
cleavable state, which is low in energy (5).

state relatively low in energy but a high kinetic
barrier to access the cleavable state, which confers
the protein’s proteolytic resistance. A protein’s pro-
teolytic susceptibility is, therefore, determined by
its conformational energy landscape and not by its
global stability.*"”

Recent studies on the protein a-lytic protease
provide an unusual example of a conformational
energy landscape resistant to proteolysis.'® This
protein, itself a protease in a harsh extracellular
environment, ensures proteolytic resistance with an
unusually high kinetic barrier to unfolding (local or
global). How unusual are proteins whose energy
landscapes encode resistance to proteolysis? We
need to determine proteolytic susceptibility of pro-
teins on a proteomic scale to answer this question.
To profile proteins according to their proteolytic
susceptibility in a high-throughput fashion, we
devised a survival assay, where proteins in a cell
lysate are subjected to extensive proteolysis; the
survivors are then identified using genomic data.
We chose the proteome of Escherichia coli for our first
investigation.

Results

Extensive proteolysis of an E. coli lysate

Proteolytic digestion was carried out on an E. coli
K12lysate prepared from an overnight culture. In the
first assay, the lysate was digested with 0.40 mg/ml
trypsin (approximately 5~10% of the total protein in
the reaction) at 25 °C for four days, and the reaction
was monitored by SDS-PAGE (Figure 2(a)). A
significant number of proteins were digested within
the first 30 min; some proteins, however, survived
proteolysis and were visible throughout the four-day
experiment.

Trypsin cleaves specifically after lysine and argi-
nine residues, and some proteins with proteolyti-
cally sensitive conformations may survive the assay
due to this specificity. We therefore repeated the
same survival assay using thermolysin (0.40 mg/ml
at 25 °C), which cleaves before hydrophobic and
aromatic residues (Ile, Leu, Val, Ala, Met, Phe).'”
Again, many proteins survived this four-day incuba-
tion (Figure 2(b)). Even more survivors were ob-
served with thermolysin than with trypsin. The
differences are not surprising, since the proteases
have different catalytic activities and specificities.
The results, however, clearly indicate that there are
also survivors to a protease with broader substrate
specificity than trypsin.

In order to account for any loss in protease activity
due to autodigestion during the course of the assay,
protease activity was monitored over the four-day
incubation. No apparent decrease in protease activ-
ity was observed under our reaction conditions
where 10 mM CaCl, was included (data not shown),
suggesting that survival is indeed a consequence of a
protein’s resistance to proteolysis within the experi-
mental time scale.
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Figure 2. Digestion of E. coli lysate with trypsin. (a)
SDS-PAGE gel of samples taken at the designated time
points from the proteolysis reaction of E. coli lysate by
0.40 mg/ml trypsin. (b) SDS-PAGE gel of samples taken at
the designated time points from the proteolysis reaction of
E. coli lysate by 0.40 mg/ml thermolysin.

Identification of survivors

We used two-dimensional (2-D) gel electrophor-
esis to identify survivors. An E. coli K12 lysate
was incubated with 0.40 mg/ml trypsin or
thermolysin. The reactions were quenched after
one day and four days. Comparison of 2-D gels of
one-day digestion and four-day digestion allowed
us to monitor any apparent decrease in intensity
between one day and four days. We selected 30
spots from 2-D gels of four-day trypsin digestion
and 40 spots from 2-D gels of four-day thermo-
lysin digestion (Figure 3 and Table 1). To mini-
mize the redundancy of the identified proteins,
only one spot was chosen when a series of
spots exist in a horizontal arrangement, which
frequently indicate variants of one protein with
different charges due to modifications during
sample preparation. Spots showing any noticeable
decrease in intensity from one-day to four-day
digestion are indicated in Table 1. Proteins
corresponding to these spots are likely to have
the minimal resistance required to survive the
current challenge. The same amount of untreated
lysate was also run on a 2-D gel to estimate
roughly how many proteins in E. coli proteome
are sampled with the current approach. About 500

spots were observed from the cell lysate with the
staining method used in this study.

Selected spots were analyzed using peptide-mass
mapping by matrix-assisted laser desorption ioni-
zation- time of flight (MALDI-TOF) to identify
proteins (Table 1). A protein is considered as a
survivor only when the molecular mass of the
protein estimated from the gel matches within 10%
with that expected from the sequence. Using this
approach, we identified 22 survivors from diges-
tion with trypsin and 34 survivors from digestion
with thermolysin (Table 2). Sixteen of the identified
trypsin survivors (73%) were also identified as
thermolysin survivors (Figure 4 and Table 2). The
existence of so many common survivors suggests
that the survival is not due to substrate specifi-
cities of the proteases but due to the unusual
energy landscapes of the survivors. The apparent
pl values of most survivors are consistent with the
calculated pl values. Any inconsistent pl values
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Figure 3. Identification of survivors by 2-D electro-
phoresis. E. coli soluble fraction digested with 0.40 mg/ml
trypsin (a) or 0.40 mg/ml thermolysin (b) for four days
were analyzed by 2-D electrophoresis. The numbers on the
gels indicate the spots analyzed by in-gel digestion and
mass spectrometry. The identity of the protein in each spot
is listed in Table 1. Black arrows indicate spots corre-
sponding to proteases.
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Table 1. Identification of proteins from 2-Dimensional
electrophoresis gels

Spot Gene

number  ProteinID  name  Length M, (kDa) pl

A. Identified proteins from spots on the 2-D gel of E. coli lysate digested
with 0.40 mg/ml trypsin for four days
P211 tE

1 79 ka 753 84.2 5.54
2 P06715 Gor 450 48.8 5.64
3 P76108 ydeS 359 40.0 6.27
4 P06977 gapA 330 35.4 6.58
5 P25887 yghA 294 31.4 6.32
6 P60651 speB 306 33.6 5.14
7 P24223 pdx] 242 26.3 5.61
8 P00882 deoC 259 27.7 5.50
9 P04790 tpiA 255 27.0 5.64
10 P02925 tbsB 271 285 5.99
11 P09551 argT 238 25.8 5.22
12 P12758 udp 252 27.0 5.81
13 P12758 udp 252 27.0 5.81
14 P75743 ybgl 247 26.9 5.07
15 P21367 ycaC 208 23.1 5.20

P32661 rpe 225 24.6 5.13
16 P12758 udp 252 27.0 5.81
172 P12758 udp 252 27.0 5.81
18 P09743 deoD 238 25.8 5.42
19 P10344 gnH 226 25.0 6.87
20 P00448 sodA 205 23.0 6.44
21 P00448 sodA 205 23.0 6.44
22 P10344 gnH 226 25.0 6.87
23 P09157 sodB 192 21.1 5.58
24 P09157 sodB 192 21.1 5.58
257 P17288 ppa 175 19.6 5.03
26° P04790 tpiA 255 27.0 5.64
27° P12758 udp 252 27.0 5.81
28° P11056 bfr 158 18.5 4.69
20° P27430 dps 166 18.6 5.72
30 P23827 eco 142 16.1 5.94

B. Identified proteins from spots on the 2-D gel of E. coli lysate digested
with 0.40 mg/ml thermolysin for four days
katE

1 P21179 753 84.2 5.54
2 P07024 ushA 525 58.2 5.40
3 P13482 treA 535 60.5 5.36
4 P14178 pykF 470 50.7 5.77
5 P23843 oppA 517 58.4 5.85
6 P00391 ipdA 473 50.6 5.79
7 P06715 gor 450 48.8 5.64
8 P22259 pckA 540 59.6 5.46
9° P19926 agp 391 43.6 5.38
10 P37095 pepB 427 462 5.60
11° P75691 yahK 349 38.0 5.80
12 P00509 aspC 396 43.6 5.54
13 P11665 Pgk 386 41.0 5.08
14 P02928 malE 370 40.7 5.22
15 P31133 potF 344 38.3 5.53
16 P76108 ydcS 359 40.0 6.27
17 P06977  gapA 330 35.4 6.58
18 P13652 cdd 294 315 5.42
19° P14178 pykF 470 50.7 5.77
20° P14178 pykF 470 50.7 5.77
21 P02925 thsB 271 285 5.99
2 P00882 deoC 259 27.7 5.50
23 P09551 argT 238 25.8 5.22
24 P30859 artl 224 25.0 532
25 P04790 tpiA 255 27.0 5.64
26 P32697 aphA 212 235 5.94
27 P10344 glnH 226 25.0 6.87

P30860 art] 224 24.9 5.97
28 P10344 glnH 226 25.0 6.87
29 P00448 sodA 205 23.0 6.4
30 P12758 udp 252 27.0 5.81
31 P21367 yeaC - 208 23.1 5.20
32 P32661 rpe 225 24.6 513
33 P17288 ppa 175 19.6 5.03

Table 1 (continued)

Spot Gene

number  Protein ID  name  Length M, (kDa) pl

B. Identified proteins from spots on the 2-D gel of E. coli lysate digested
with 0.40 mg/ml thermolysin for four days

34 P09157 sodB 192 21.1 5.58
35° P07651 deoB 407 444 5.11
36™P P12758 Udp 252 27.0 5.81
37° P12758 Udp 252 27.0 5.81
38 P11056 Bfr 158 18.5 4.69
39 P27430 Dps 166 18.6 5.72
40° P05313 aceA 434 47.5 5.16

# The spot intensity has been decreased noticeably compared
with the same spot on the 2-D gel of the lysate digested for one
day under the same condition.

The size of the peptide estimated from the gel suggests that
the spot corresponds to a fragment from proteolysis of the
protein.

may indicate posttranslational modifications or
oxidation during the incubation.

Sequence analysis of survivors

To identify any general rules that encode survival
to such extensive proteolysis, we looked for com-
mon features within the amino acid compositions of
the survivors. An analysis of amino acid composi-
tion shows that the survivors from trypsin digestion
contain plenty of lysine and arginine residues,
potential trypsin cleavage sites. Lysine/arginine
residues comprise 10.4(+2.6)% of the total number
of residues of each survivor. For comparison, we
determined the average lysine/arginine content of
all open reading frames in the E. coli genome to be
10.3(+3.4)%. Resistance to digestion is not due to a
lack of potential cleavage sites.

a-Lytic protease, a bacterial enzyme known for its
kinetic stability and protease resistance, has 16%
glycine residues, while its proteolysis-sensitive
homolog chymotrypsin has only 9% glycine resi-
dues. This high glycine content was proposed to be a
structural factor that enables tight and cooperative
packing within the core of this protein.'® We deter-
mined the average glycine content of all identified
survivors to be 7.6(+1.6)%, which is clearly much
lower than that for a-lytic protease and more in line
with our determination for the average glycine
content of all open reading frames in the E. coli
genome, 7.1(£2.5)%. Therefore, the high glycine
content is not likely to be a common reason for
proteolytic resistance.

Proteolysis kinetics of maltose binding protein

To confirm the validity of the proteomic survival
assay, we cloned, expressed, and purified maltose
binding protein (MBP), a survivor identified from
thermolysin digestion, but not from trypsin diges-
tion. Digestion of purified MBP by 0.40 mg/ml
thermolysin was so slow that the reaction was
monitored for 20 days. The kinetic constant for the
proteolysis of MBP by 0.40 mg/ml thermolysin was



1430

Energetics-based Protein Profiling

Table 2. Identified survivors

Gene name Description PDB ID Subunits Localization
Common survivors

katE Catalase HPII 1GGE 4

gor Glutathione reductase 1GET 2

ydcS Putative periplasmic binding protein, ydcS Periplasmic®
gapA Glyceraldehyde-3-phosphate dehydrogenase A 1GAD 4

deoC Deoxyriboaldolase 1JCL 2

tpiA Triosephosphate isomerase 1TRE 2

rbsB Ribose binding periplasmic protein 2DRI 1 Periplasmic
argT LAO-binding periplasmic protein 1 Periplasmic
udp Uridine phosphorylase 1K3F 6

ycaC ycaC 1YAC 8

rpe Ribulose phosphate 3-epimerase

ginH Glutamine-binding periplasmic protein 1WDN 1 Periplasmic
SodA Superoxide dismutase (Mn) 1D5N 2

sodB Superoxide dismutase (Fe) 1ISA 2

ppa Inorganic phosphatase 1JED 6

bfr Bacterioferritin 1BFR 24

Identified as survivors only in trypsin digestion

yghA Hypothetical oxidoreductase, yghA

speB Agmatinase

pdx] PNP synthase 1IM5W 8

ybgl Hypothetical UPF0135 protein ybgl INMO 67

deoD Purine nucleoside phosphorylase 1A69 6

eco Ecotin 1ECY 2 Periplasmic
Identified as survivors only in thermolysin digestion

ushA UDP-sugar hydrolase (5'-nucloetidase) 1HP1 1 Periplasmic
treA Trehalase 1 Periplasmic
pykF Pyruvate kinase I 1PKY 4

oppA Periplasmic oligopeptide-binding protein 1 Periplasmic
ipdA Dihydrolipoyl dehydrogenase 2

pckA Phosphoenolpyruvate carboxykinase 1AYL 1

agp Glucose-1-phosphatase INT4 2 Periplasmic
pepB Peptidase B 6

yahK yahK (alcohol dehydrogenase-like) 1UUF 2°

aspC Aspartate aminotransferase 1AAW 2

pgk Phosphoglycerate kinase 1

malE Maltose binding protein 1ANF 1 Periplasmic
potF Putrescine-binding protein 1A99 1 Periplasmic
cdd Cytidine deaminase 1CTT 2

artl Arginine-binding protein 1 1 Periplasmic®
aphA Class B acid phosphatase INSN 4 Periplasmic”
art] Arginine-binding protein 2 1 Periplasmic®
dps DNA protection during starvation protein 1DPS 12

Information on each protein was collected from Swiss-Prot/ TrEMBL (http:/ /www.us.expasy.org/sprot/). Only periplasmic proteins are

indicated so in the localization column.

# The quaternary structure of this protein is based on the structure determined by X-ray crystallography and is not confirmed under

physiological conditions.

b The localization information on this protein is inferred from sequence analyses and is not determined experimentally.

determined to be 1.2x107® s~ ', corresponding to a
half life of 6.6 days, which confirmed the result of the
survival assay on a proteomic scale. MBP was also
digested with 0.40 mg/ml trypsin with a greater
rate constant, 4.4x1075 s~1 (half life=4.3 h), which
is also consistent with the result that MBP was
not found as a survivor from the tryptic digestion
of E. coli lysate. Unfolded MBP was observed to
be quite susceptible to thermolysin,'” indicating
that the structure of this protein protects it from
being digested by proteases.

To understand the physical origin of MBP’s
resistance to proteolysis by thermolysin, we deter-
mined proteolysis kinetics of the protein at different
thermolysin and trypsin concentration (Figure 5).
When proteolysis of a protein occurs by the kinetic

mechanism shown in Figure 1(a), the overall
proteolysis rate constant (k) is expressed as:
koP ) kint , (1)
kcl + kint

where ko, and k. are the rate constants for the
forward and the backward reaction from the folded
state to the cleavable state, and kj, is the intrinsic
proteolysis rate for an unstructured peptide. When
ki is estimated as the product of k.:/Ky, and
protease concentration ([ED,® equation (1) can be
rewritten as:

ky =

kop [E]

ko
Kop (kcal:/KM ) * [E}

ko = , (2)


http://www.us.expasy.org/sprot/

Energetics-based Protein Profiling

1431

Trypsin survivors
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yghA katE rbsB sodA ushA agp potF
speB gor argT sodB treA pepB cdd
pdxJ ydcS udp ppa pykF yahK artl
ybgl gapA ycaC bfr oppA aspC aphA
deoD deoC rpe ipdA  pgk artd
eco tpiA  ginH pckA malE dps

- e

/

Thermolysin survivors

Figure 4. Common survivors from assays with trypsin
and thermolysin. The proteins in the overlapping region
survived four-day digestion with 0.40 mg/ml trypsin and
0.40 mg/ml thermolysin. For convenience, gene names are
used for corresponding proteins. The proteins shown in
red have structural coordinates deposited in the protein
data bank [http://www.rcsb.org/pdb/].

where Ko, (=kop/ka) is the equilibrium constant
between the folded and the cleavable states in Figure
1(a).® By determining k, at different concentrations
of a protease, we can determine k,, and K, of the
opening step leading to the cleavable conformation.
When kg > ki, however, equation (1) is simplified
as:

kp = Kopkint = Kop (kcat/KM)[E}r (3)

by which we can only determine K.

The plot of the proteolysis rates of MBP deter-
mined at different thermolysin concentrations
shows an asymptotic behavior (Figure 5(a)), sug-
gesting that the kinetics to access the cleavable state
in MBP (kop, in Figure 1(a)) determines the overall
proteolysis rate at high concentration of protease.
However, the rate of proteolysis of MBP by trypsin
is linearly dependent on the protease concentration
without any indication of the asymptotic pattern
shown in proteolysis by thermolysin (Figure 5(b)),
indicating that k> kin¢ under the given assay
condition. By fitting k, of proteolysis by thermolysin
to equation (2), kop and K, were determined to be
1.8x10 ° s ' and 4.9x10 7. The k, values of
proteolysis by trypsin were fit to equation (3), and
K,p was determined to be 8.3x107°. To determine
Kop, keat/ Ky values measured with peptide sub-
strates were used: ABZ-Ala-Gly-Leu-Ala-pNA for
thermolysin (7.3x10° M 's™!) and insulin B-chain
for trypsin (3.0 x 10° M~ 1s™ 1), 1920

The ko, value for proteolysis by thermolysin
(1.8x107¢ s71) is in a quite good agreement with
the global unfolding rate constant for MBP deter-
mined by urea denaturation (1.3x10 ° s~ ). This
result strongly suggests that proteolysis of MBP by
thermolysin is limited by the same kinetic barrier
limiting global unfolding. The energies of the
cleavable states for thermolysin and trypsin di-
gestion are calculated to be 8.6 kcal/mol and 6.9
kcal/mol, respectively, with the determined K,
values. We also determined the global stability of

MBP (AGyns°) to be 14.6(+0.7) kcal/mol by mon-
itoring unfolding of the protein in urea by circular
dichroism. The smaller energies of the cleavable
states than AG,n° suggest that the proteolysis of
MBP occurs through intermediate states, not
through a globally unfolded state.

Discussion

Structures of survivors

Seventeen out of the 22 trypsin survivors (77%)
and 24 out of 34 thermolysin survivors (71%) have
had their structures solved by X-ray crystallography
(Figure 4 and Table 2). This unusually high propor-
tion of proteins with known structures suggests that
proteolytically resistant proteins are advantageous
for X-ray crystallography, perhaps due to ease of
crystallization or purification. Inspection of these
available protein structures did not reveal any
common structural features to explain their proteo-
lytic resistance. The gallery of structures in Figure 6
does not reveal any characteristic structural ele-
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Figure 5. Proteolysis mechanism of MBP by thermo-
lysin and trypsin. MBP was incubated at 25 °C with
0.40 mg/ml thermolysin (a) or 0.40 mg/ml trypsin (b) in
20 mM Tris-HCI buffer (pH 8.0) containing 50 mM NaCl
and 10 mM CaCl,. The k;, values for thermolysin digestion
were fit to equation (2) to determine kop and Kop(keat/ Kip).-
From the k,, values for trypsin digestion only Kp(Kcat/Kni)
value was determined by a linear regression using
equation (3).
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Figure 6. Ribbon representation of the structures of proteins that survived both trypsin and thermolysin. Structures of
assumed biological molecules are shown for multimeric proteins. (a) Catalase HPII (PDB entry: 1GGE). (b) Glutathione
reductase (PDB entry: 1GET). (c) Glyceraldehyde-3-phosphate dehydrogenase A (PDB entry: 1GAD). (d) Deoxyr-
iboaldolase (PDB entry: 1JCL). (e) triosephosphate isomerase (PDB entry: 1TRE). (f) Ribose binding periplasmic protein
(PDB entry: 2DRI). (g) Uridine phosphorylase (PDB entry: 1K3F). (h) ycaC (1YAC). (i) Glutamine-binding periplasmic
protein (PDB entry: IWDN). (j) Manganese superoxide dismutase (PDB entry: 1D5N). (k) Iron superoxide dismutase
(PDB entry: 1ISA). (I) Inorganic pyrophosphatase (PDB entry: 1JFD). (m) Bacterioferritin (PDB entry: 1BFR). Ribbon

diagrams were made with the program MOLSCRIPT.*!

ments, such as tight loops, specific arrangement of
secondary structures, or common motifs. For
instance, only four out of 28 proteins with known
structures have disulfide bonds: ecotin, UDP-sugar
hydrolase, glucose-1-phosphatase, and putrescine-
binding protein. Therefore, there does not seem to be
any specific structure or fold required for protease
resistance, again suggesting a fine-tuning of the
energy landscape.

The wide array of protein folds observed among
the survivors (Figure 6) is perhaps not surprising.

Thermophilic proteins encode significantly different
thermodynamic properties from their mesophilic
homologs, even though they have the same three-
dimensional folds.?!?> Apparently, just like the
thermophilic proteins, under functional selection
the survivors have evolved such extreme protease
resistance by modulating their conformational
energy landscapes without the need to invent new
structures or folds.

Proteolytic resistance does not apparently imply
a lack of conformational change or allostery. For
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instance, the periplasmic binding proteins switch
from open forms to closed forms when they bind to
their cognate ligands.”** Inorganic pyrophospha-
tase, purine nucleotide phosphorylase, and glycer-
aldehyde-3-phosphate dehydrogenase are multi-
meric enzymes that show cooperativity in their
catalysis.?>27 Survival of these proteins suggests
that these dynamic processes do not necessarily
result in proteolytically susceptible conformations.

The survivors comprise a group of diverse
quaternary structures (Table 2). Because the ener-
getics of oligomeric proteins is dependent on protein
concentration, proteolytic susceptibility of these
proteins could be dependent on protein concentra-
tion. Since the protein concentration in the survival
assay is much lower than their concentrations
in vivo, survivors in this dilute condition would
be still resistant at protein concentrations close to
those in vivo. Several of the survivors are also known
to bind various cofactors including metals. The
observed resistance may reflect a property of holo-
enzymes complexed with cofactors. It should be
noted, however, that the free cofactor concentrations
in the assay must be quite low because the lysate
used in this study was carefully dialyzed.

Resistance to proteolysis and biological
functions

Energy landscapes encoding such apparent rigid-
ity may be an important functional feature subject to
natural selection. Many of the survivors in Table 2
belong to two categories of biochemical functions: a
family of periplasmic binding proteins and a group
of stress-related proteins. It is important to note that
our screen was not comprehensive and is undoubt-
edly biased by the culture conditions and experi-
mental protocol. Absence of a protein from the list
should not imply proteolysis sensitivity.

Nine of the identified survivors are periplasmic
binding proteins (Table 2). This appears particularly
significant, considering E. coli has only ~40 peri-
plasmic binding proteins.”® Periplasmic proteins of
E. coli are likely to be more exposed to exogenous
proteases than are cytosolic proteins. The presence
of ecotin, one of the survivors and an endogenous
protease inhibitor in E. coli periplasm, indicates the
necessity of protection against exogenous proteases
in the periplasmic space. Our results suggest that
proteolytic resistance might be a common property
of periplasmic binding proteins in E. coli.

Many of the surviving proteins have biological
functions associated with the stationary phase
(Table 2), in which E. coli needs to survive starvation
and oxidative stress. Dps has a role in protecting
DNA against oxidative stress during starvation,?”
and its gene is one of the genes induced most
strongly by hydrogen peroxide.” Iron and manga-
nese superoxide dismutases are also important in
protecting E. coli against oxidative stress during
starvation.”’ Bacterioferritin, a Dps homolog, also
sequesters excess iron in a non-toxic form in the
central cavity inside the spherical 24-mer.”* These

biochemical functions strongly suggest that their
proteolytic resistance is related to their role in stress
response.

Since cytosolic proteins are not likely to be exposed
to exogenous proteases, the biological benefit of
proteolytic resistance for the cytosolic survivors is
less obvious. It might increase the lifetime of these
proteins by protecting them from endogenous
protease activities;* or, it might be an indication of
conformational rigidity evolved to minimize any
unwanted modification, such as deamidation.?*
Increasing the lifetime of proteins essential for
stationary phase would thereby decrease the need
for protein synthesis, which is an expensive process
for E. coli in the stationary phase.

In vivo degradation of proteolytically resistant
proteins

How are these proteolytically resistant proteins
degraded in vivo? Proteins induced specifically in
stationary phase, such as Dps, need to be degraded
rapidly when E. coli re-enters growth phase.
Recently, Dps was found to have a degradation
sequence at its N terminus for an ATP-dependent
protease, ClpXP.* Interestingly, N-terminal sequen-
cing of Dps from the 2-D gel showed that trypsin
cleaved this degradation sequence (data not shown).
These N-terminal residues are also not ordered
in the Dps structure solved by X-ray crystallog-
raphy.’® Therefore, Dps has a highly flexible N-
terminus, which is cleaved readily by trypsin or
recognized by ClpXP. The rest of the protein is,
however, resistant to proteolysis, which would
ensure in vivo stability of the protein in the absence
of proteolysis by ClpXP. This rigid structure tagged
with a degradation signal within a flexible terminus
seems to be an effective strategy to control the
degradation of a protein exclusively by ATP-depen-
dent proteases.

Thermodynamic and kinetic requirements for
survival

What does it mean to be a survivor? When the
overall proteolysis rate constant is kp, the fraction of
survival as a function of time (f,) is:

N
fs= Ny~ e, (4)

where Ny and N are the concentrations of intact
proteins at t=0 and after incubating for time ¢,
respectively. Using the protease concentration
(12 uM) and keoe/ Ky for the cleavage of ABZ-Ala-
Gly-Leu-Ala-pNA, a generic thermolysin substrate
(7.3x10> M~ 1s7 1), the ki value under the con-
ditions of the survival assay with thermolysin is
estimated to be 8.8 s !. With this estimated ki
value, k, can be calculated for any given k., and kq
using equation (1). Also, the fraction of survival (f)
can be calculated for given k, and kq with equation
(4). Figure 7 shows the color-coded contour diagram
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Figure 7. Contour diagram of the fraction of survival.
The fraction of survival (f;) at the end of the assay with
thermolysm is determined with equations (1) and (4) using
kint of 8.8 s . kop and k are the forward and reverse rate
constants for opening to the cleavable state. ki, is the
intrinsic rate constant for proteolysis of proteins in the
cleavable state. The k., and kq values giving AG,, of 0
kcal/mol and 9.0 kcal/mol are indicated with white
continuous lines. Cleavable states in the red region are
accessible under the assay condition and proteins with a
cleavable state in the red region cannot pass the survival
assay. The white x symbol indicates the location of the
cleavable state of MBP through which this protein is
digested by thermolysin.

of the fraction of survival at each k., and k. The
diagram shows a clear transition zone between a
phase of survival (purple) and complete digestion
(red).

The transmon zone shows a kink in the region
where kg ~kint (8.8 s™1). When ky < king, the survival
is mdependent of kg, which is equwalent to the EX1
regime in hydrogen exchange In this kinetic
regime, overall proteolysis is determined only by
kop- Under the given assay condition 50% of a pro-
tein remains intact if the protein has ko, ~2x107¢s™1
(t1/2 ~four days) regardless of k. When k> kiny,
the transition zone in Figure 7 shows another kinetic
regime where the fraction of survival depends on
both of k., and kq, which is equivalent to the EX2
regime in hydrogen exchange.® Therefore, in this
kinetic regime the survival depends on the free
energy, and not the rate, of the opening step (AGp).
Under the given assay condition 50% of a protein
remains intact if the AG,, for the lowest cleavable
state is 9.0 kcal/mol. The ko, and kg giving AG,p
values of 9.0 kcal/mol are indicated with a white
line in Figure 7. Cleavable states lying below this line
are not accessible thermodynamically under the
given assay condition. Also, the k., and kq giving
AG,p values of 0 kcal/mol is indicated in Figure 7.
This line shows a region where kinetic stability
(extremely small k,,) can protect a protein in spite of

thermodynamic instability (a triangular purple
region above the white line of AG, p=0 kcal/mol).
Indeed this region has already been proven by the
example of a-lytic protease.'®

Globally unfolded states of a protein are also
cleavable states. To be a survivor, the globally
unfolded states should not be accessible kinetically
or thermodynamically under the assay condition. In
other words, it is a necessity that the globally
unfolded states of survivors should be within the
purple region in Figure 7.

Kinetic barrier protecting maltose binding
protein from proteolysis by thermolysin

The location in Figure 7 of a cleavable state can be
determined experimentally by measuring the rate of
proteolysis, k,. The k., and K., values for the
cleavable state of MBP by thermolysin were deter-
mined to be 1.8x10 ° s ! and 4.9x10"7 from k,
measured at dlfferent protease concentrations
(Flgure 5(a)) From these values, k is also calculated
as 3.6 s~ '. The cleavable state of this protein is at the
edge of the survival zone in Figure 7 (marked with a
white X). The kq value (3.6 s‘l) is close to, but still
smaller than, ki, (8.8 s '), which locates the
proteolysis kinetics of this protein is at the boundary
of the EX1 regime. The energy of the cleavable state
(8.6 kcal /mol) is smaller than AG,,, for 50% survival
of proteins in EX2 regime (9.0 kcal/mol). Therefore,
the energy of the cleavable state would not be high
enough to protect the protein, if proteolysis of MBP
by thermolysin were in the EX2 regime.

The energy diagram of MBP proteolysis by
thermolysin is depicted in Figure 8 using the deter-
mined kinetic constants. The energy of the cleavable
state is much lower than the global stability of MBP
(14.6(+0.7) kcal/mol). However, k, (1.8 10°°
is quite close to the global unfolding rate con-
stant for MBP determined by urea denaturation
(1.3x10°° s™'), which suggests that the kinetic
barrier to the cleavable state is the same kinetic
barrier determining the global unfolding rate. It is
also likely that this cleavable state is one of the
kinetic intermediates on the unfolding pathway.
This kinetic intermediate does not accumulate
during unfolding, because the state exists after the
rate-determining step. Considering the reversibility
of protein folding, this intermediate could be on the
folding trajectory of MBP.

This analysis of proteolysis kinetics suggests how
MBP achieves proteolytic resistance to thermolysin.
First, local fluctuations under native states are
minimal. MBP does not expose cleavable sequences
for thermolysin digestion without crossing the
major kinetic barrier for global unfolding. Next,
this kinetic barrier is considerably high. This slow
unfolding controls overall proteolysis rate when the
protein is surrounded with high concentration of
proteases. This strategy used by MBP for proteolytic
resistance against proteolysis is well consistent
with the case in a-lytic protease that employs the
same strategy to the more extreme degree.!® Kinetic
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Figure 8. Reaction energy dia-
grams of MBP proteolysis by ther-
molysin and trypsin. The energy

diagrams were depicted based on

the kinetic data from proteolysis of
MBP and the k,./Ky; values deter-
mined with peptide substrates. The

energy of globally unfolded state of
MBP (14.6 kcal/mol) is indicated by

18x10°s™ 885" >>44x10%s" 515" a broken line. The access to the
folded — cleavable — cleaved folded = cleavable — cleaved cleavable state is rate-determining
865" >>5.157 in proteolysis of MBP by thermo-
Thermolysin Trypsin lysin, while the intrinsic proteolysis

step is rate-determining in proteo-

lysis by trypsin. A question mark indicates that the absolute height of the energy barrier is not known from the available

data.

stability has been proposed as a result of the
evolution, creating the protective role of a high
unfolding barrier.””° The slow unfolding and
proteolytic resistance of MBP supports this protec-
tive role of kinetic stability.

The proteolysis of MBP by trypsin is distinct from
that with thermolysin digestion (Figure 5(b)). Even at
0.40 mg/ml trypsin, the kinetic constant does not
show any sign of saturation. Therefore, only K.,
could be determined (8.3x10 °). The energy dia-
gram of proteolysis of MBP by trypsin is also
depicted in Figure 8. The ki, value was calculated
to be 5.1 s ' with the concentration of trypsin
(0.40 mg/ml; 17 pM) and the k..i/Knm values
measured with insulin p-chain for trypsin (3.0x10°
M 's7").*° From the comparison of proteolysis
kinetics of MBP by trypsin and thermolysin, it is
clear that the cleavable states for the two proteases
are distinct and the cleavable state for trypsin
digestion is apparently not susceptible to thermo-
lysin. The cleavable state for trypsin digestion
is lower by 1.7 kcal/mol than the cleavable state
for thermolysin digestion (6.9 kcal/mol versus 8.6
kcal/mol). The kinetic barrier to the cleavable state
is also much lower for trypsin digestion, which
does not show the saturation behavior; the intrinsic
proteolysis step is still rate-limiting even with
0.40 mg/ml of trypsin. Therefore, the kop value,
which cannot be determined with the data in Figure
5(b), is much greater than the proteolysis rate with
0.40 mg/ml trypsin (4.4x10"° s~ ') and ky is much
greater than k., (5.1s~ 1. Overall, 5proteolysis of MBP
by 0.40 mg/ml trypsin (4.4x10"° s™") is faster than
the opening to the cleavable state for thermolysin di-
gestion (1.8x107® s~ 1); the rate-limiting step of tryp-
sin digestion is lower by 1.9 kcal/mol than that of
thermolysin digestion. The cleavable state for trypsin
digestion seems to be accessible by local fluctuation:
localized unfolding without global conformational
change. Proteolysis through local fluctuation is con-
sistent with the observations that this conformation
does not expose any sequences cleavable by thermo-
lysin and the transition from the cleavable to the
folded conformation seems quite fast, compared with
the intrinsic proteolysis (Figure 8).

Energetics-based protein profiling

Proteomic studies have characteristically focused
on the functions, interactions, and regulation of pro-
teins on a genome-wide scale. We have developed a
novel approach of applying proteomic methods
to studying energetic properties of proteins. In the
studies reported here, we used proteolysis as a
structural probe to identify proteins with energy
landscapes resistant to proteolysis. The identified
rigid proteins may have biotechnological applica-
tions. For instance, proteolytic resistance in proteins
can ensure a longer lifetime in harsh environments.
The proteins identified through this survival assay
may be suitable for such engineering applications as
is, or as templates for protein engineering. Modifica-
tion of this method should enable us to analyze
proteomes according to other interesting energetic
properties, such as thermal stability, kinetic stability,
and resistance to chemical denaturants. Energetics-
based protein profiling on a proteomic scale will
allow us to understand better how conformational
energy landscapes are encoded by sequences and
structures, and how these energetic properties are
related to biological functions. This understanding
also will provide important basic knowledge for
designing functional proteins with proper dynamics
and energetics for their biochemical functions.

Materials and Methods

Preparation of soluble fraction of E. coli

E. coli K12 was grown overnight in 50 ml of Luria
Bertani (LB) medium and harvested. The cell pellet was
resuspended in 50 ml of 20 mM Tris-HCl (pH 8.0),
containing 10 mM EDTA (pH 8.0) and 250 mM NaCl, then
pelleted again by centrifugation. The washed cell pellet
was resuspended in 10 ml of 20 mM Tris-HCI (pH 8.0),
containing 1 mM EDTA (pH 8.0) and 50 mM NaCl. The
cells were lysed by lysozyme treatment and sonication,
and centrifuged to remove cell debris and the membrane
fraction. To prevent nucleic acids from protecting proteins
against proteolysis by forming complexes, the resulting
supernatant was incubated with 0.1 mg/ml DNase I and
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0.1 mg/ml RNase A. MgCl, and CaCl, were added to
25 mM and 1.0 mM, respectively, for this digestion
reaction. To minimize the interference from small meta-
bolites and digested nucleic acids, the lysate was dialyzed
first against 20 mM Tris-HCI (pH 8.0) containing 250 mM
NaCl and then against 20 mM Tris-HCI (pH 8.0). The
lysate was sterilized by passing through a 0.20 pm syringe
filter and stored at —20 °C until used.

Proteolysis of E. coli proteome

Proteolysis of E. coli lysate was performed in 20 mM
Tris-HCI (pH 8.0) containing 10 mM CaCl, and 50 mM
NaCl. The reaction was initiated by adding trypsin
(Sigma, St. Louis, MO) or thermolysin (Sigma, St. Louis,
MO) to the final concentration of 0.40 mg/ml and
incubated at 25 °C for four days. Samples were taken at
a designated time points to monitor the progress of
proteolytic digestion by SDS-PAGE. The activity of trypsin
in the proteolysis reaction was determined by monitoring
the cleavage of N,-p-tosyl-L-arginine methyl ester (TAME)
(Sigma, St. Louis, MO) spectrophotometrically at 247 nm.
The activity of thermolysin in the reaction was determined
by monitoring the cleavage of o-aminobenzoyl-Ala-Gly-
Leu-Ala-p-nitrobenzylamide (ABZ-Ala-Gly-Leu-Ala-
PNA; MD Biosciences, St.Paul, MN) with a fluorometer.

2-D electrophoresis and protein identification

To identify the survivors, E. coli lysate was incubated
with 0.40 mg/ml trypsin or 0.40 mg/ml thermolysin in
20 mM Tris-HC1 (pH 8.0) containing 10 mM CaCl, and
50 mM NaCl at 25 °C for four days. 10 ul of 0.50 M EDTA
(pH 8.0) (for thermolysin) or 0.10 M phenylmethylsulfo-
nylfluoride (for trypsin) was added to 240 pl of reactions
to quench further proteolysis. 2-D gel electrophoresis was
performed as described by the manufacturer.® Proteins in
samples were precipitated by acetone. Pellets were
dissolved in the rehydration buffer (8 M urea, 20 mM
DTT, 2% Chaps, 2.0% IPG buffer, 0.002% bromophenol
blue). The proteins in the rehydration buffer were
separated with 13 cm Immobiline Drystrips, pH 3-10 NL
(Amersham, Piscataway, NJ) in the first dimension and
with continuous 15% (w/v) SDS gels in the second
dimension. Gels were stained by Colloidal Blue staining
reagent (Invitrogen, Carlsbad, CA). Spots on the gels were
cut and digested with Montage In-Gel Digestzp Kit
(Millipore, Billerica, MA). About 1 pl of the tryptic peptide
mixture from each gel spot was combined with an equal
volume of matrix solution and allowed to dry ona MALDI
target. The matrix solution used was a 10 mg/ml solution
of alpha-cyano-4-hydroxycinnamic acid in 0.1% TFA /50%
acetonitrile. Mass spectra were acquired on a Bruker
(Billerica, MA) Reflex III mass spectrometer. Proteins
corresponding to each spot were identified by a web-
based software, MS-FIT7.

Determination of proteolysis kinetics of maltose
binding protein

The coding region for maltose binding protein (malE)
was amplified by polymerase chain reaction, cloned, and
expressed under the control of the T7 promoter. Maltose

thttp://www.prospector.ucsf.edu/ucsthtml4.0 / msfit.
htm

binding protein was purified with ion-exchange and gel
filtration chromatography. The purity of each protein was
verified using SDS-PAGE and mass spectroscopy.

Proteolysis kinetics was determined based on the
method reported elsewhere.® 0.50 mg/ml maltose binding
protein was incubated at 25 °C with 0.40 mg/ml
thermolysin or 0.40 mg/ml trypsin in 20 mM Tris-HCl
buffer (pH 8.0), containing 50 mM NaCl and 10 mM CaCl,.
For thermolysin digestion, 15 pl of the reaction was
removed at each time point and quenched by adding 5 pl
of 50 mM EDTA (pH 8.0). For trypsin digestion, 18 ul of the
reaction was removed and quenched by adding 2 pl of
0.1 M PMSEF in ethanol. 20 pl of SDS sample buffer was then
added to each quenched reaction and boiled. 10 pl of the
mixture was used for SDS-PAGE. Gels were stained with
Sypro Red fluorescent dye (Molecular Probes, Eugene, OR)
and scanned with Typhoon imaging system (GE Health-
care, Piscataway, NJ). Proteolysis kinetic constants (k)
were determined by monitoring the change in intensity of
intact protein bands. Determined kinetic constants were fit
to equation (2) to determine ko, and K.
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