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Abstract: b-lactamases confer antibiotic resistance, one of the most serious world-wide health
problems, and are an excellent theoretical and experimental model in the study of protein structure,

dynamics and evolution. Bacillus licheniformis exo-small penicillinase (ESP) is a Class-A b-lactamase

with three tryptophan residues located in the protein core. Here, we report the 1.7-Å resolution X-ray
structure, catalytic parameters, and thermodynamic stability of ESPDW, an engineered mutant of ESP

in which phenylalanine replaces the wild-type tryptophan residues. The structure revealed no

qualitative conformational changes compared with thirteen previously reported structures of B.
licheniformis b-lactamases (RMSD 5 0.4–1.2 Å). However, a closer scrutiny showed that the

mutations result in an overall more compact structure, with most atoms shifted toward the

geometric center of the molecule. Thus, ESPDW has a significantly smaller radius of gyration (Rg)
than the other B. licheniformis b-lactamases characterized so far. Indeed, ESPDW has the smallest Rg

among 126 Class-A b-lactamases in the Protein Data Bank (PDB). Other measures of compactness,

like the number of atoms in fixed volumes and the number and average of noncovalent distances,
confirmed the effect. ESPDW proves that the compactness of the native state can be enhanced by

protein engineering and establishes a new lower limit to the compactness of the Class-A b-
lactamase fold. As the condensation achieved by the native state is a paramount notion in protein
folding, this result may contribute to a better understanding of how the sequence determines the

conformational variability and thermodynamic stability of a given fold.
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Introduction
Class-A b-lactamases attract large attention because

they cause one of the most common bacterial resis-

tances to antibiotics and have become a serious con-

temporary health problem. These enzymes hydrolyze

b-lactam antibiotics and inactivate them as inhibi-

tors of the bacterial cell-wall synthesis. The catalytic

mechanism of Class-A b-lactamases has been thor-

oughly investigated,1–5 and high-resolution X-ray

structures and biochemical evidence have shown

that it involves the transient acylation of a serine

residue at the active site.

Besides its medical, microbiological, and phar-

maceutical importance, Class-A b-lactamases have

been paradigms in protein structure, dynamics,

function, and evolution studies. For protein folding,

these �29 kDa proteins constitute a valuable experi-

mental model that started to be studied very early.

For instance, they were among the first well-charac-

terized examples of proteins that populate partially

folded states, and for that reason they became

instrumental in the characterization of the molten

globule state.6–9

Class-A b-lactamases have two domains. One,

all-a-helical, is built with the middle part of the

sequence. The other, an a þ b domain, contains a

five-stranded b-sheet comprising the N- and C-ter-

mini. This complexity raises questions of general

relevance for multidomain proteins. For instance, do

the domains fold asynchronously or concomitantly?

If the first is true, is the all-a, continuous domain

the template onto which the a þ b domain folds, or

is it the latter, discontinuous domain which sur-

mounts a colossal entropic barrier and drives the

folding of the former? Alternatively, if the protein

folds after a general collapse with the two domains

arising at the same time, what drives the backbone

to an initial global arrangement compatible with

such a large and complex final structure? These are

only a few of the yet unanswered questions that con-

tinue to inspire a large amount of experimental and

theoretical work and explain the enduring interest

in the structure of Class-A lactamases.

Bacillus licheniformis exo-small penicillinase,

ESP, is particularly well-suited for studying the fold-

ing of Class-A b-lactamases because it lacks disul-

fides, is thermodynamically very stable, populates

several partially folded states under denaturing con-

ditions, and has a fully reversible thermal transi-

tion.10–15

Wild-type ESP possesses three tryptophan resi-

dues that are utilized as intrinsic fluorescent probes

to monitor the protein conformational transitions.

However, despite an apparently favorable location of

these three tryptophans in the protein matrix, their

spectroscopic signals are not well resolved and not

very informative of local conformational fluctuations.

For that reason, we prepared and characterized the

corresponding single-tryptophan and the trypto-

phan-free ESP variants.16 Using these variants, in

which tryptophan residues have been replaced by

phenylalanine, the contributions of the individual

tryptophans to the overall spectroscopic signals were

characterized. Based on that characterization, it was

concluded that the tryptophan-less variant, ESPDW,

provides an optimized platform to engineer singly

intrinsic fluorescence probes for monitoring specific

domains and subdomains fluctuations during folding

experiments.16

Very soon, however, we learned that these engi-

neered variants had interesting structural and fold-

ing properties of their own. ESPDW was particularly

intriguing because it seemed to tolerate, with only a

small loss of stability, the significant voids created

by the mutations in the protein core. Moreover, the

simplified spectroscopic signals from the remaining

aromatic residues gave a hint of a subtle conforma-

tional adjustment.16 With these considerations in

mind, we undertook the characterization of ESPDW

using X-ray crystallography.

Here we will show that the subtle adjustment in

the structure of ESPDW illustrates a previously

unrecognized response to mutations that create

voids in the protein core. Commonly, point mutations

cause modest and localized changes in the structure,

and redesign of the core to maintain steric side

chain complementariness is infrequent.17–21 In the

case of ESPDW, the void and lack of optimal comple-

mentariness between side chains are alleviated by a

global movement of almost all the backbone atoms

toward the geometric center of the molecule, result-

ing in a significantly increased compactness.

Packing density is a seminal concept in the

study of protein structure, dynamic and evolu-

tion.22,23 The case of ESPDW shows that the compact-

ness of the native state can be increased by protein

engineering. It also suggests that the extant struc-

tures might have not evolved to optimize packing

but rather to maintain a balance between this and

other properties, such as flexibility and stability.

Further, it suggests that a systematic analysis of

packing density in X-ray structures using simple

tools such as Rg calculations and statistical analysis

of noncovalent distances may provide new insights

on protein structure and folding.

Results

Crystallization, data collection, structure

solution, and refinement
In the presence of 28% PEG 4000, at pH ¼ 5.4 and

19�C, ESPDW crystallizes after two weeks as flat-

tened spindles of about 150 � 50 � 50 lm. The dif-

fraction data could be integrated and scaled assum-

ing that the crystals were orthorhombic and a
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solution with reasonable packing was found by mo-

lecular replacement in space group P21212. However,

the Rfree of this solution could not be lowered below

35%, which led to the conclusion that the correct

space group had to be monoclinic with a b angle

very close to 90�. In general, the nonright angle of

biomacromolecular monoclinic crystals tends to dif-

fer significantly from 90� but in about 4% of the

total population this angle is close enough to 90� to

generate a pseudo orthogonal lattice. This was found

to be the case of the ESPDW crystals. The structure

was solved by molecular replacement in the mono-

clinic space group P21 to a resolution of 1.73 Å

(Table I). Two protein molecules are present in the

asymmetric unit and they were treated independ-

ently during refinement. As the crystallization solu-

tion contained sodium citrate, the residual electron

density present at the active site was modelled as a

bound citrate anion. In the refined structure, chain

A superimposed on chain B gave a RMSD ¼ 0.16 Å.

Coordinates and structure factors have been depos-

ited in the PDB (ID: 3SOI).

Global fold and tertiary structure

ESPDW adopts the characteristic Class-A b-lactamase

fold, which features 12 main helical segments and

one five–stranded antiparallel b-sheet grouped in

two domains: the a domain comprising the sequen-

tially central residues 66–212, and the a þ b do-

main, comprising N- and C-terminal residues 29–60

and 220–291, respectively. The domains are built in

such a way that the main chain connects them twice

(residues 61–65 and 213–219). The catalytic pocket

is located between the two domains.

The solved structure is very similar to the thir-

teen previously reported structures of B. lichenifor-

mis b-lactamases (RMSD ¼ 0.4–1.2 Å; see Table II).

There is only a minor backbone conformational

change involving residues 102 and 103 that results

in a significant increment of the static solvent acces-

sible surface area of the Val 103 side chain (from 10

to 30%). This change is in a long loop that is quite

far from the mutation sites but close to the active

site, and therefore it might have an impact on the

catalytic properties of ESPDW (see below).

Local effects of the mutations
Replacing Trp by Phe at position 210 causes very lit-

tle local perturbation (Fig. 1, panel A). The phenyl

group occupies the place of the tryptophan pyrrole

ring, and the void left by the three carbon atoms

eliminated is compensated by a subtle inward shift

of almost every atom close to the mutation and by a

rotamer change affecting Leu 206. The most promi-

nent structural change caused by the mutation of

residue 210 is the unavoidable loss of a hydrogen

bond between the Trp NE1 and the side chain car-

boxylate of Asp 124. Interestingly, a conserved water

molecule that is at hydrogen–bond distance of the

above nitrogen is also present in one of the chains of

the mutant.

The solvent accessibility of residue 210 and the

surrounding atoms is not affected by the mutation.

Indeed, the solvent accessible surface of Trp 210 is

less than 1% in the wild-type protein, and that of

Table I. Data Collection, Refinement Statistic, and
Quality of the Model

A. Data collection
Wavelength (Å) 1.43
Temperature (K) 100
Frames/total oscillation (�) 360/180
Space group P21

Unit-cell parameters (Å, �) a ¼ 42.76
b ¼ 110.09
c ¼ 54.13
a ¼ 90.00
b ¼ 89.97
c ¼ 90.00

Resolutiona (Å) 55.04–1.73 (1.82–1.73)
Rmerge

b (%) 6 (18.6)
hIi/hr(I)i 13.9 (5.7)
Completeness (%) 96.4 (93.5)
Total reflections 183797
Unique reflections 50182
Multiplicity 3.7 (3.5)
Average mosaicity (�) 0.626
Wilson B factor (Å2) 11.82
Matthews coeff. (Å3/Da) 2.22
Solvent fraction (%) 44.71
Number of copies/ASU 2

B. Refinement statistics
Resolution (Å) 30.0–1.73 (1.77–1.73)
Total number of reflections 48,058
Working set: number of

reflections
Rwork

c (%) 17.1 (24.6)
Test set: number of reflections
Rfree

d (%) 19.3 (27.2)
Nonhydrogen atoms 4328

Protein 3988
Ligand 26
Water 314

C. Geometry statistics
Average isotropic B

factors (Å2)
Protein atoms 8.0
Ligands 21.9
Water molecules 13.5

R.M.S. deviations
Bond length (Å) 0.005
Bond angles (�) 1.360

Ramachandran plote

Most favoured (%) 89.8
Additionally allowed (%) 9.8
Generously allowed (%) 0.4
Outliers (%) 0

a Values in parentheses are for the highest resolution shell.
b Rmerge ¼

P
hkl

P
i|Ihkl,i � hIhkli|/

P
hkl

P
i Ihkl,i.

c Rwork ¼
P

|Fobs � Fcalc|/
P

|Fobs|, where Fcalc and Fobs

are the calculated and observed structure factor ampli-
tudes, respectively.
d Rfree is the same as Rwork, but for 5.0% of the total reflec-
tions, chosen at random and omitted during refinement.
e As defined by PROCHECK.
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Phe 210 in the mutant is nearly the same. Interest-

ingly, the packing of atoms in direct contact with

residue 210 is improved by the mutation as small in-

ternal cavities and surface pockets are either elimi-

nated or reduced (Fig. 2, upper panel).

Changes induced by the mutation at position

229 are shown in Figure 1, panel B. The rings of Trp

229 and Phe 229 are in similar planes. The side

chains closer to the mutation adopt similar rotamers

in both wild-type and mutant lactamases, and the

backbone dihedrals do not change significantly. Mu-

tant and wild-type packing of atoms contacting resi-

due 229 are similar, however the mutation causes a

movement of the C-terminus and a consequent

enlargement of a surface pocket on the edge of the

aromatic ring (Fig. 2, middle panel).

The benzene rings are superimposed after the

mutation at position 251 (Fig. 1, panel C). To achieve

this, the side chain moves inward 1.4 Å pushed by a

rigid body movement of the backbone segment

250-253. As a result of the movement, the region

becomes somewhat more compact. The solvent expo-

sure of residue 251 increases 1.2% in the mutant,

but the surrounding residues decrease their

exposure by 2%. Accordingly, the volumes of small

cavities and pockets in direct contact with residue

251 are comparable in the wild-type and mutant

protein (Fig. 2, lower panel).

Effects of the mutations on the active site
Catalytic parameters derived from Michaelis–

Menten curves for benzylpenicillin and nitrocefin

are given in Table III. The cephalosporin nitrocefin

is bulkier than penicillins and therefore is hydro-

lyzed less efficiently by b-lactamases. The values

determined for ESP are in good agreement with the

literature.24–27 The effects of the mutations are simi-

lar for the two substrates: a slight increase in KM, a

�50% diminished kcat , and an about three times

lower kcat/KM. The inspection of the active site (Fig.

3) revealed no significant differences between

ESPDW and the rest of lactamases listed in Table II.

All the catalytically important atoms occupy the ca-

nonical positions. Among these, two conserved water

molecules are seen in the substrate binding pocket

of ESPDW and there is electron density for a citrate

moiety, which has been reported before for lacta-

mases crystallized in its presence. Thus, the moder-

ate alteration in the catalytic parameters cannot be

attributed to gross conformational changes in the

active site (Fig. 3) and probably it is related to dif-

ferences in residue packing and/or dynamics effects.

Indeed, the interatomic distances of atoms within

5.0 Å of Ser 70 and interacting through van der

Waals and hydrogen bonds are, on average, shorter

in ESPDW than in ESP (D ¼ 0.15 6 0.016 Å; mean 6

SEM; n ¼ 98). A subset of ten of these distances cor-

responding to atoms believed to be directly involved

in catalysis or substrate binding are on average 0.19

Å shorter in ESPDW. Particularly noteworthy are the

distances between Glu 166 OE2–Ser 70 OG and Ala

237 N–Ser 70 OG, which are 0.5 and 0.4 Å shorter,

respectively, in ESPDW. The displacement of Glu 166

is the result of an inward movement of the X loop

(residues 162 to 170). One of the consequences of

this movement is probably the alteration in the con-

formation of residues 102 and 103 mentioned above.

In addition, the ‘‘hydrolytic’’ water molecule (Fig. 3),

which is considered to participate in the deacylation

of the acyl–enzyme intermediate during catalysis, is

Table II. High-Resolution Structures of B. licheniformis b-Lactamases Included in the Study

PDB ID Strain Mutation Resolution (Å) pHa Temperature (K) RMSDb Rg
c

3SOId 749/Ce DW 1.7 5.4 100 0.00, 0.16 16.77
4BLM 749/C — 2.0 5.5 n.a. 0.50, 0.50 17.13
1MBL 749/C — 2.0 6.2 n.a. 0.58, 0.61 17.24
3LY3 749/C E166C 1.8 7.5 n.a. 0.89 17.11
3LY4 749/C E166C 1.8 7.5 n.a. 0.77 17.04
3SH7 749/C E166C 2.5 7.5 291 0.97 17.15
3SH9 749/C E166C 1.9 7.5 n.a. 1.15 17.15
3M2J 749/C E166C 1.8 7.2 100 0.53, 0.50 17.09
1I2S BS3f — 1.9 5.0 288 0.47, 0.49 17.07
1I2W BS3 — 1.7 5.0 288 0.50, 0.51 17.10
1W7F BS3 — 1.8 n.a. 100 0.49, 0.51 17.05
2X71 BS3 — 2.1 4.0 100 0.42, 0.40 16.93
2WK0 BS3 — 1.6 3.4 293 0.48, 0.49 17.06
3B3X BS3 — 2.5 7.2 100 0.57, 0.54 17.05

a Crystallization pH.
b Backbone superposition to chain A in soi3.pdb. The second value indicates the RMSD for chain B, when present in the
asymmetric unit.
c The radius of gyration was calculated for 1020 structurally equivalent backbone atoms.
d The structure of ESPDW reported in this work.
e Sequence UNP ID: 4 P00808.
f Sequence UNP ID: P94458 (the sequence differences with P00808 are: A59T, A133T, V187A, R191A, D227E, A238G,
L287M).
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displaced toward the Glu OE2 and away from Ser 70

OG in ESPDW (0.4 and 0.6 Å, respectively).

Overall packing effects

By visual inspection of the superimposed structures,

ESPDW impresses as being more compact than its

cognates in Table II. A closer scrutiny showed that

the radius of gyration (Rg) of 1021 backbone atoms

is significantly smaller in ESPDW than in the other

lactamases: 16.77 Å versus 17.09 6 0.07 Å (mean 6

SEM; Table II). The compared structures are from

749/C and BS3 Class-A lactamases, which differ at

seven positions in sequence, have been crystallized

at different pH, and whose temperature of X-ray

data collection varied from cryogenic to room tem-

perature. However, none of these factors seem obvi-

ously related to the 0.32-Å difference in Rg calcu-

lated for ESPDW.

The above result prompted us to calculate the

Rg of all the other Class-A lactamases structures de-

posited in the PDB. To that end, all the positive hits

of a Blast search using the ESPDW sequence as a

Figure 2. Cavities and surface pockets in the vicinity of the

mutated tryptophan residues. The van der Waals

representations of ESP atoms (PDB ID: 4BLM) are on the

left. Equivalent representations are shown on the right for

ESPDW. Dots show surfaces that belong to crevices or

cavities as calculated by the CASTp server (see Materials

and Methods). Mutated residues are shown in black; all

other atoms are shown in shades of gray.

Figure 1. Local changes induced by the mutation Trp

!Phe. The structures of thirteen B. licheniformis b-
lactamases (see Table II) are shown in light gray. ESPDW is

represented in dark gray. For clarity, only the water

molecules of ESPDW have been represented (spheres).

Panel A shows residues within 6.0 Å of Phe 210. Leu 206

adopts a different rotamer in ESPDW, and because of the

mutation, the hydrogen bond between Trp 210 NE1 and

Asp 124 OD2 atoms can no longer form (dashes).

Interestingly, a conserved water molecule, at proper

distance and angle for hydrogen bonding to Trp 210 NE1,

is preserved in the mutant, as if it were hydrogen-bonded

to Phe 210 CE1. In Panel B, residues within 6.0 Å of Phe

229 are represented. In this case, the mutation has little

effects on the conformation of the surroundings. Residues

close to residue 251 are shown in Panel C. The mutated

side chain moves inward following a rigid body movement

of the backbone of residues 249–253.
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query were filtered for incomplete or very divergent

number of backbone atoms. The search provided 126

structures from several different bacterial strains

having between 1017 and 1025 equivalent backbone

atoms. The average Rg of this set of structures is

17.10 6 0.09 Å (mean 6 SEM) and the smallest

value found in the distribution was 16.91 Å (PDB

ID: 1djc). Thus, the Rg of ESPDW is 0.15 Å smaller

than the smallest Rg of all comparable lactamase

structures in the PDB. This is a remarkable result

because the 126 lactamases in the control set have a

very narrow distribution of Rg values, despite differ-

ing greatly in sequence and experimental conditions.

To get a deeper insight into the change that

causes the Rg difference, every backbone atom dis-

tance to the geometric center of the molecule was

calculated, and the difference between these values

and the averages for the B. licheniformis lactamases

were compared. As expected from the Rg data, the

results of such calculation indicate that most back-

bone atoms in ESPDW are closer to the center than

average (Fig. 4). To visualize the spatial variation of

the distances to the center differences, a cartoon

representation of ESPDW was colored using a scale

from blue to red (Fig. 5). The representation indi-

cates that the shrinkage affects most of the protein

matrix, being the central and interdomains regions

the least affected. Very similar results were obtained

Table III. Catalytic Properties of ESP and ESPDW

Substrate Variant kcat (s�1) KM (M) kcat/KM (s�1 M�1)

Benzylpenicillin ESP16 3060 6 13 1.8 6 0.5 � 10�4 1.7 � 107

ESP27 2200 7.6 � 10�5 2.3 � 107

ESP25 2650 1.2 � 10�4 2.1 � 107

ESP28 2.9 � 107

ESPDWa 1540 6 60 2.6 6 0.1 � 10�4 5.9 � 106

Nitrocefin ESP1 564 6 44 3.8 6 0.6 � 10�5 1.5 � 107

ESP27 470 3.8 � 10�5 1.3 � 107

ESP25 1088 4.1 � 10�5 2.7 � 107

ESPDW 1 221 6 20 4.8 6 0.5 � 10�5 4.6 � 106

a Average of two to three measurements 6 SEM.

Figure 3. The active site of ESPDW and other B.

licheniformis b-lactamases. Atoms of residues within 6.0 Å

of Ser 70 (the residue that forms a transient covalent

complex with the substrate during catalysis) from ESPDW

(dark sticks, for chain A and B) and the thirteen lactamases

(gray lines) listed in Table II are superimposed. Some of the

residues that are relevant for catalysis or substrate binding

have been labeled. Citrate in ESPDW is shown (CIT). Water

in the ESPDW structure is shown as spheres. An asterisk

marks the position of the so called ‘‘hydrolytic water’’

present in many lactamase structures and deemed

responsible for the nucleophilic attack to the acyl–enzyme

during catalysis.

Figure 4. Normalized distances to the geometric center.

The average hdii and standard deviation (SDi) of the

distances of each backbone atom i to the respective

geometric center of the molecule were calculated for the

lactamases in Table II. The deviation from the average di–

hdii in the ESPDW structure is shown as a bold line. The

6SDi boundaries are shown as gray lines. The central peak

in the plot with the largest SD variation corresponds to the

X loop, a very mobile region known to be of central

importance in the catalytic mechanism of lactamases.
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comparing the distances to the average of B. licheni-

formis structures or to the structure of wild–type

ESP alone (PDB ID: 4BLM; not shown). As the lat-

ter structure and ESPDW have the same sequence

(except for the Trp!Phe mutations), further detailed

comparisons were carried out adopting the 4blm

PDB entry as the wild-type ESP reference structure.

To further characterize the conformational rear-

rangements occurring in ESPDW, a RMSD superposi-

tion to the coordinates of ESP was performed. The

fit was restricted to the ESPDW backbone atoms with

low changes in distance to the geometric center (the

‘‘white cluster’’ in the center of Fig. 5). The result of

the superposition is shown in Figure 6. Displace-

ment vectors indicate that many regions of the mole-

cule undergo rigid-body movements toward the cen-

ter and toward each other. The most striking

movements are: a squeezing of the helices of the a þ
b domain against the central five-stranded b-sheet; a

tilt of loops 51–54, 225–231, and 254–257 toward the

center of the a þ b domain, a displacement of the b-

sheet toward the a domain, and a movement of most

of the a-domain elements toward the interface

between domains and toward the center of the

domain.

The widespread movements of the ESPDW atoms

toward the center or toward each other explain the

decrease in Rg described above and suggest that the

lactamase variant possesses an overall better pack-

ing than the wild-type protein. To confirm this, the

number of atoms in fixed volumes of both proteins

was measured. This was accomplished counting the

atoms in spheres of 10-Å radius centered at each CA

atom. The percentage difference between ESPDW and

ESP is plotted in Figure 7. The result shows that

most regions are in a more compact state in ESPDW

than in the wild-type ESP.

The packing improvement prompted us to com-

pare the noncovalent interactions in ESPDW and the

wild-type protein. To that end, two atoms separated

by less than 5.0 Å and apart in protein sequence by

Figure 5. Color coded distance shift in ESPDW. The di–hdii
values shown in Figure 4 were used to generate a linear

color scale from red (�1.0 Å) to white (0.0 Å) and white to

blue (1.0 Å). Thus, backbone atoms closer to the geometric

center than in the average lactamases are colored in

shades of red; whereas those farther than average from the

center appear bluish. ESPDW mutations are shown in

yellow.

Figure 6. Concerted shifts of backbone atoms. The coordinates from ESPDW and wild-type ESP (PDB ID: 4BLM) were

superimposed to minimize the RMSD of the backbone atoms shown in white in Figure 5 (residues 70 to 73, 183 to 190, and

233 to 236), which do not move significantly toward the geometric center. On the left, the a þ b domain backbone is

represented as a wire in contact with nearby atoms of the a domain (solid surface). On the right, the representation is

reversed (i.e., the a domain is a wire and the close by atoms in domain a þ b are drawn as a solid surface). For clarity, the

orientation is slightly different in both panels. The red and gray wires correspond to ESPDW and wild-type ESP coordinates,

respectively. Vectors showing the displacements of the positions of equivalent atoms in the two structures are represented as

orange spines (scaled by a factor of 5 to better visualize the directions).
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three or more residues were considered a noncova-

lent interaction. There are more of such interactions

in ESPDW than in wild-type ESP (9319 vs. 8370,

respectively). The mean and SEM of these distances

are 4.282 6 0.005 and 4.309 6 0.006 Å for ESPDW

and ESP, respectively (P < 4 � 10�4). Moreover,

plotting the distance differences in the form of con-

tact maps showed that the shorter noncovalent

interactions are evenly distributed all over the struc-

ture (Fig. S1; Supporting Information).

Similar results are obtained considering only

those noncovalent interactions mediated by hydro-

gen bonds. In this case, the average hydrogen-bond

distance in ESPDW and the wild-type protein is 2.967

6 0.012 (6SEM, n ¼ 463) and 3.045 6 0.013 Å

(6SEM, n ¼ 470), respectively (P < 10�5). These fig-

ures can be further compared with 3.050 6 0.004 Å

(6SEM, n ¼ 4893), the value obtained for the lacta-

mases listed in Table II (excluding ESPDW). Thus,

although it might seem small, the difference (�0.08

Å) between ESPDW and the other B. licheniformis

lactamases is highly significant (P < 10�10).

Although the noncovalent interactions examined

above are crucial for protein conformation and sta-

bility, they account for only a small fraction of the

difference in the packing and Rg between wild-type

and ESPDW. When the 5.0 Å limit is removed and all

distances are considered, it becomes apparent that

the entire distance distribution is shifted toward

lower values in ESPDW compared with the wild type

molecule (not shown).

The generalized decrease of interatomic distan-

ces observed for ESPDW raised the question whether

the main internal pockets and cavities were remod-

eled by the mutation. There are two main surface

pockets and one internal cavity in wild-type ESP.

The X loop contributes to the formation of these

three voids, which are located at the antipodes of

the sites of mutations. The first surface pocket occu-

pies �290 Å3, is formed by the top of the five-

stranded b-sheet and four surface loops, and is filled

with 6-9 water molecules. The importance of this

pocket in shaping the active site of the lactamases

was recognized very early,28 and its volume and

shape are similar in ESPDW and ESP (not shown).

The second pocket is next to the first, underneath

the C- and N-terminal helices, it contains four water

molecules and its volume is 131 and 102 Å3 in ESP

and ESPDW, respectively. The third, internal cavity

is adjacent to the first pocket, contains three water

molecules hydrogen-bonded to the backbone, and is

75 Å3 in the wild-type protein and 59 Å3 in the mu-

tant. Inspection of the remainder and less prominent

internal cavities revealed that these are fewer and

smaller in the mutant than in the wild-type protein

(Fig. S2; Supporting Information).

The subtle movements within the matrix of

ESPDW have no impact on other general properties

of the structure, such as for instance the B-factors.

The backbone B-factors in ESPDW are similarly low,

or even lower, than in ESP. Thus, a significant effect

of the mutations on the mobility of the atoms in the

crystal of ESPDW was discarded.

Thermodynamic effects of the mutation

The effect of tryptophan replacement on the stability

of ESP and ESPDW was assessed by equilibrium

thermal unfolding, monitoring the ellipticity at 220

nm (i. e., the secondary-structure content) as a func-

tion of temperature. The wild-type protein and the

mutants unfolded reversibly, with more than 95%

percent recovery of the original signal upon cooling

(not shown). Thus, the equilibrium condition was

assumed for the analysis, and the corresponding

thermodynamic parameters were derived from the

thermal transitions using a two-state model to fit

the data (Table IV). The DCp value for ESP was

close to 4 kcal mol�1 K�1, which is compatible with

the expected increase of exposed area upon unfold-

ing29 and with the value obtained for this protein in

differential scanning calorimetry experiments (V. A.

Risso and M. R. Erm�acora, unpublished results).

The DCp value for the mutant is somewhat lower,

which may indicate a difference in the states popu-

lated by this variant during unfolding. ESPDW exhib-

its the characteristic pH dependence of Tm and

DHTm reported before for ESP.15 ESPDW is 1.8 kcal

mol�1 less stable than ESP at the temperature of

maximum stability. At 25�C, the calculated differ-

ence in stability is of 2.3 kcal mol�1. In a previous

work, it was found that the W210!F substitution

alone destabilizes ESP by approximately 1.5 kcal

mol�1 and that the same substitutions at position

Figure 7. Atom density differences. The atoms in spheres

of 10-Å radius centered at each CA atom were counted,

and the percentage difference between ESPDW and ESP is

shown in the plot.
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229 and 251 account for an additional stability loss

of circa 0.5 kcal mol�1 each.16 Thus, the stability

loss in the triple mutation reported herein is roughly

additive and in the order of 0.25 kcal per buried

methylene eliminated.

Discussion

The native state of ESPDW could be characterized at

high resolution by X-ray diffraction providing an op-

portunity to scrutinize the conformational mecha-

nisms that compensate the energetic cost of unfavor-

able side chain mutations. Based on strictly

geometric considerations, the tryptophan to phenyl-

alanine substitutions would be expected to have

strongly destabilizing effects. The cavities around

the mutated residues detected using a 1.4 Å probe

would increase �70 Å3 if the rest of the structure

remained static, and the removal of nine carbon

atoms would cause a large reduction of contacts and

packing density. However, the mutations cause only

a modest total destabilization of �2 kcal mol�1. This

value is very small taking into account that the

energetic cost of removing a single methylene group

from a buried hydrophobic side chain in a protein in-

terior has been estimated as 1.2–1.5 kcal mol�1.30–32

Thus, an important structural adjustment must be

taking place, to allow ESPDW to tolerate the muta-

tions at such a low energetic cost.

Notwithstanding its evident effects in the stabil-

ity, the structural rearrangement is not readily

apparent by a conventional examination of the struc-

ture. A comparison between ESPDW and other closely

related B. licheniformis lactamases using criteria,

such as RMSD, or Ramachandran plots, reveals lit-

tle that could be interpreted as a qualitative change

in secondary or tertiary structure. Only a rotamer

shift populated by Leu 206, close to the replaced Trp

210, may qualify as a specific conformational effect

of the mutations. However, a closer scrutiny using

different criteria revealed that the main conforma-

tional effect of the mutations is of a more general

and subtle nature and consists in a concerted move-

ment of nearly the entire backbone toward the geo-

metric center of the molecule.

Although visual comparison of superimposed

structures gives a hint of the molecular shrinkage,

this striking effect is readily detected by Rg and other

atomic density measurements. Rg, a measure of the

atomic distribution relative to the mass center, is par-

ticularly sensitive to the change because it has a very

narrow probability distribution among the 126 Class-

A b-lactamases analyzed herein, and therefore the de-

parture from the average allows a clear distinction of

ESPDW. The average number of atoms within a stand-

ard spherical volume centered at each CA position is

also a clear discriminator between ESPDW and the lac-

tamases in the B. licheniformis group.

The atypical interatomic distance distribution in

ESPDW involves all the structural levels but the

covalent bonds. Hydrogen bonds, van der Waals

interactions, and other larger through-space distan-

ces are on average shorter in ESPDW and also more

numerous. The analysis showed that most ESPDW

atoms are closer to the molecular center as a result

of the inward movement of nearly all the backbone

segments. The transformation is more isotropic than

what would result from a local backbone bending or

hinge movement such as that observed in the open-

closed forms of allosteric proteins.

The rearrangement observed in ESPDW structure

resembles that induced in other proteins by tempera-

ture or pressure changes,33–35 but it is of a greater mag-

nitude. For instance, data compiled by Rader and

Agard36 showed that for a-lytic protease, trypsin, ribo-

nuclease-A, hen egg white lysozyme, and myogobin Rg

decreases by 0.13–1.04% when X-ray diffraction is from

crystals at cryogenic temperature (�100 K). Addition-

ally, we calculated that in the set of 30 proteins pairs

studied by Fraser37 the average Rg contraction caused

by cryocooling is 0.4 6 0.1% (Erm�acora, M. R. unpub-

lished results). On the other hand, high pressure

causes Rg changes similar to that of cryocooling.38 The

compression of ESPDW inferred from the Rg value is

1.9%, twofold to threefold higher than expected if a

temperature or pressure change were the causal factor.

An exploratory search among several archetypal

proteins measuring Rg, packing density and nonco-

valent interactions (Erm�acora et al., unpublished

Table IV. Thermal Unfolding Parametersa

Variant pH Tm
b (�C)

DHTm

(kcal
mol�1)

DCP

(kcal mol�1

K�1)
Tmax

b

(�C)
DGTmax

(kcal mol�1)

DH25�C

(kcal
mol�1)

DG25�C

(kcal
mol�1)

TDS25�C

(kcal mol�1

K�1)

ESP 6.0 68.8 6 0.1 147.1 6 0.4 3.91 6 0.05 32.9 7.1 �23.9 6.7 �30.7
7.0 66.9 6 0.1 139.9 6 0.5
8.0 65.1 6 0.1 132.8 6 0.5

ESPDW 6.0 65.7 6 0.1 111.5 6 0.3 3.32 6 0.05 33.7 5.3 �21.0 4.4 �25.4
7.0 62.8 6 0.1 104.7 6 0.3
8.0 60.5 6 0.1 98.9 6 0.3

a Unfolding transitions as a function of temperature were monitored by CD at 220 nm, and the unfolding curves were ana-
lyzed as described in Materials and Methods.
b Tm and Tmax are the temperatures of melting (DG ¼ 0) and maximum stability (DG maximum), respectively. The errors
were calculated by performing four fits with one quarter of equally spaced data points each time and averaging the results.
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results) suggests that increased compactness is very

rare. For instance, among the over four hundred T4

lysozyme mutants characterized in the remarkable

work by Matthews’s group21 we found a handful of

cases with a significant reduction of Rg, but none

with the characteristics described herein for ESPDW.

Indeed, engineered disulfide bridges, or multiple

mutations can cause up to 2% reduction in the Rg of

T4 lysozyme, but this does not result in a significant

shortening of the average short-range interactions

or in the improvement of the average atomic pack-

ing. Rather, in these cases, the change can be

ascribed to large hinge-bending movements of entire

domains, which move toward to each other without

much effect in their internal compactness.

Among the other archetypal proteins examined

in the exploratory search we found only two examples

of statistically significant Rg contraction accompanied

by improved packing and shortening of noncovalent

interactions: a staphylococcal nuclease core mutant

(PDB ID: 2SNM) and a trypsin-ligand complex (PDB

entry 3GY3). Very interestingly, the contraction in

the trypsin complex seems to be induced by the

ligand, and a series of liganded structures are avail-

able39 which suggest that the effect may be related to

the extent of the protein–ligand interaction.

As the global degree of compactness is generally

accepted as a strong determinant of protein stability,

it would be expected that native structures had the

greatest compactness allowed for a given fold and

state. Exceptions are known, but generally they are

associated with expanded states, in which the loss of

tight tertiary interactions is thought to be energeti-

cally counterbalanced by the entropic gain due

greater side chain mobility. The results presented

herein show that the degree of compaction can vary

also in the opposite direction, that is, toward struc-

tures more densely packed than the native state. For

these cases, we propose that the entropic cost of more

restricted side chain mobility would disfavor the

native state but the effect is compensated by stronger

and more abundant noncovalent interactions.

As expected, the modeling exercise of reintro-

ducing the original tryptophan side chains in the

context of ESPDW structure reveals that only local

conflicts are created by the bulkiness of the indolyl

moiety (not shown). These local defects are mostly

steric clashes with backbone atoms and can be alle-

viated by a simple readjustment of side chain dihe-

dral angles and minor backbone shifts. Thus, the

question arises as to what deters the wild type

structure to adopt preferentially a more compact

state that would result in stronger and more abun-

dant noncovalent interactions. Inspecting the

changes that would be necessary to fit the trypto-

phan residues in the ESPDW context it becomes clear

that in the adjusted structure the local rotamer’s

conformational freedom is significantly restricted by

crowding. Thus, in the case of the wild-type protein,

we propose that the more compact native state is en-

ergetically disfavored for entropic reasons.

Implicit in the above suggestion is that the less

costly solution to the local conflict between the tryp-

tophan side chains and the compact state involves a

global expansion. In other words, in the wild-type

structure, making room for the tryptophan residues

is more efficiently achieved by expanding the entire

molecule rather than the tryptophan’s surroundings,

as if the tryptophan residues of ESP were wedges

placed at critical points and able to displace out-

wardly most of the backbone atoms.

Cavity creating mutations like those described

herein have been given a considerable attention

before.17,20,40–45 In general, proteins react parsimoni-

ously to such changes. Voids are tolerated or either

minimized by small scale and local backbone shifts.

Repacking the environment of the mutated residues

by varying the rotamer selection seems to be seldom

utilized.23,46 ESPDW illustrates an alternative, and

previously unnoticed, strategy to fill the voids and

maintain the number and strength of van der Waals

interactions. This strategy is also very conservative

in terms of preserving qualitatively the backbone

and side chain dihedral angles. However, it resorts

to a general fine tuning of the backbone conforma-

tion to achieve a global shrinkage of the structure.

As a consequence of the readjustment, the entire

matrix is better packed. A simple explanation for

the global character of the structure reaction to the

mutations is that, unlike most cases described in the

literature of core mutants, the changes in ESPDW

are in three separated spots of the protein matrix.

Moreover, these places map critical structural ele-

ments: Trp 210 and Trp 251 are associated to the a
and aþb domains, respectively; whereas Trp 229

mediated the interaction between the two domains.

Hence, it is conceivable that, acting in concert, local

backbone shifts at each of these regions are better

accommodated in the context of a generalized

shrinkage of the entire protein.

Finally, the increase in the density of packing in

ESPDW is clearly evidenced in the enzyme active site.

Although there are no differences in residue and

backbone conformation at the active site between the

wild-type and mutated lactamase, in the latter almost

all the interatomic distances are shorter. Particularly,

several atoms directly involved in catalysis are closer

to each other by as much as 0.4–0.5 Å. Crowding at

the active site affects catalysis increasing KM and

lowering kcat. This is not surprising because it is well

known that mechanical flexibility at the active site is

positively correlated with catalytic efficiency.47 Inter-

estingly, the other factor positively correlated with

catalytic efficiency is a decrease in thermodynamic

stability, because highly stable protein structures are

less flexible. As ESPDW combine both, active site
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crowding and decreased stability, it may become a

very useful model to test current ideas on molecular

evolution and catalysis. Incidentally, this trade-off

between fitness for function and compactness might

be the explanation for the fact that all other lacta-

mases examined herein have less density of packing

than ESPDW.

In summary, this work establishes a new lower

limit for the compactness associated to the Class-A

b-lactamase fold and suggests that the compactness

of the native state may be increased by removing

bulky side chains that restrain the inward displace-

ment of the backbone. As the degree of condensation

achieved by the native state is a paramount notion

in the protein folding theory, the result may contrib-

ute to better understanding of how the sequence

determines the conformational variability and ther-

modynamic stability of a given fold. The observa-

tions reported herein will help in the design of new

studies aimed to test whether the compactness of

the native state is under evolutionary pressure and

also provide new useful information for protein engi-

neering and drug design.

Materials and Methods

General details

Benzylpenicillin was purchased from Sigma (St.

Louis, Missouri). Nitrocefin (NC) was from Calbio-

chem. Protein purity was assessed by SDS-PAGE.

Circular dichroism (CD) and analytical size-exclu-

sion chromatography were carried out as

described.11 ESPDW is a triple Trp!Phe mutant of

ESP (UniProt ID: P00808, E.C. ¼ 3.5.2.6), and its

preparation was described previously.16 Enzymatic

activity was determined spectrophotometrically at

25 �C in 50 mM sodium phosphate, pH ¼ 7.0 supple-

mented with 1.5 lM bovine serum albumin and the

desired concentration of benzylpenicillin (De240 nm ¼
570 M�1 cm�1)48 or nitrocefin (De486 nm ¼ 20,500

M�1 cm�1). Molecular visualization, analysis, and

most structural alignments were performed using

VMD49 Accessible surface area was calculated with

a 1.4 Å probe. Contact maps were calculated using

in-house C-code for measuring every distance

between atoms rik-rjl, were i and j are atom serial

numbers, k and l are residue numbers, and |k-l| >

2. Ambler residue numeration was used through-

out.50 The number of atoms within a 10 Å sphere

centered at each CA atom was obtained using a tcl

script running in VMD. Internal cavities and surface

pockets were calculated using the CASTp server51

and a 1.4-Å probe. Reported volumes calculated by

CASTp are molecular surface volumes.

Crystallographic procedures

Crystals of ESPDW were obtained after two weeks at

19 �C by the hanging drop method. The reservoir

solution (300 ll) was 28% PEG 4000, 0.1 M sodium

citrate, pH ¼ 5.4. The drop (2 ll) was a 1:1 blend of

reservoir and protein solutions (10 mg/ml in 10 mM

Tris-HCl, 50 mM NaCl, pH ¼ 7.0). x-ray diffraction

data were collected at the D03B-MX1 protein crystal-

lography beamline of the Laboratorio Nacional de Luz

Sı́ncrotron, Campinas, Brazil. Data reduction and

processing were carried out with the programs

MOSFLM and Scala (CCP4 suite). Crystals belong to

the space group P21, with unit cell parameters a ¼ 42.8,

b ¼ 110.1, c ¼ 54.1 Å, a ¼ 90.00, b ¼ 89.97, c ¼ 90.00�.

Two molecules are present in the asymmetric unit. Rele-

vant data collection parameters are given in Table I.

Structure determination and refinement

The ESPDW structure was solved by molecular

replacement with the AMoRe package,52 using the

coordinates for ESP (PDB ID: 4BLM) as a search

model. Refinement was carried out using REFMAC

5.53 Coot54 was used for model inspection and

rebuilding. The model was refined to final Rfactor ¼
17.1% and Rfree ¼ 19.3%. Further details of crystalli-

zation, data collection, processing, and refinement

can be found in Table I. The final model was vali-

dated using PROCHECK.56

Thermal unfolding
Unfolding transitions as a function of temperature

were monitored by CD at 220 nm with a 1.0-cm cell.

Protein concentration was 1.5 lM, and the temperature

was varied linearly from 0 to 95�C at a 2�C min�1 rate.

The following equations were used in the data fit55

DGNU ¼ �RT ln
fU
fN

� �
¼ DHTm þ DCpðT � TmÞ

� T
DHTm

Tm

� �
þ DCp ln

T

Tm

� �� �
ð1Þ

and

S ¼ fNðS0;N þ lNTÞ þ fUðS0;U þ lUTÞ; (2)

where fU and fN are the unfolded and folded frac-

tions at equilibrium and fUþfN ¼ 1, Tm is the tem-

perature at which fU ¼ fN, S is the observed CD sig-

nal, S0,N and S0,U are the intrinsic CD signals for

the native and unfolded state, respectively, lN and lU
are the slopes for the assumed linear dependence of

S0,N and S0,U with the temperature. CD buffer was

25 mM sodium phosphate, 100 mM sodium fluoride.

The fit was performed simultaneously for pH ¼ 6.0,

7.0, and 8.0, with a global DCP and pH-specific

energy and baseline parameters.
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