
Structure of the SHV-1â-Lactamase†

Alexandre P. Kuzin,‡ Michiyoshi Nukaga,‡,§ Yasuko Nukaga,‡ Andrea M. Hujer,| Robert A. Bonomo,| and
James R. Knox*,‡

Department of Molecular and Cell Biology, The UniVersity of Connecticut, Storrs, Connecticut 06269-3125, and Research
SerVice, Department of Veterans Affairs Medical Center, CleVeland, Ohio 44106

ReceiVed January 20, 1999; ReVised Manuscript ReceiVed March 3, 1999

ABSTRACT: The X-ray crystallographic structure of the SHV-1â-lactamase has been established. The enzyme
crystallizes from poly(ethylene glycol) at pH 7 in space groupP212121 with cell dimensionsa ) 49.6 Å,
b ) 55.6 Å, andc ) 87.0 Å. The structure was solved by the molecular replacement method, and the
model has been refined to anR-factor of 0.18 for all data in the range 8.0-1.98 Å resolution. Deviations
of model bonds and angles from ideal values are 0.018 Å and 1.8°, respectively. Overlay of all 263
R-carbon atoms in the SHV-1 and TEM-1â-lactamases results in an rms deviation of 1.4 Å. Largest
deviations occur in the H10 helix (residues 218-224) and in the loops between strands in theâ-sheet. All
atoms in residues 70, 73, 130, 132, 166, and 234 in the catalytic site of SHV-1 deviate only 0.23 Å (rms)
from atoms in TEM-1. However, the width of the substrate binding cavity in SHV-1, as measured from
the 104-105 and 130-132 loops on one side to the 235-238 â-strand on the other side, is 0.7-1.2 Å
wider than in TEM-1. A structural analysis of the highly different affinity of SHV-1 and TEM-1 for the
â-lactamase inhibitory protein BLIP focuses on interactions involving Asp/Glu104.

â-Lactamase enzymes (EC 3.5.2.6) hydrolyzeâ-lactam
antibiotics and are the principal agent of bacterial resistance
to penicillins and cephalosporins (1-3). They have been

grouped into four classes (A to D) on the basis of amino
acid sequences and motifs (4) and into subgroupings as well
on the basis of substrate/inhibitor profiles (5). Class A
â-lactamases, originally designated penicillinases, include
many of the plasmid-mediated enzymes from Gram-negative
bacteria and chromosomal enzymes from Gram-positive
bacteria. Class Câ-lactamases include the chromosomal
cephalosporinases of Gram-negative bacteria. Class Dâ-lac-
tamases are unique penicillinases with the ability to hydrolyze
oxacillin, a semisynthetic penicillin stable to manyâ-lacta-
mases. Although class A, C, and Dâ-lactamases are serine-
reactive hydrolases, class B enzymes are zinc hydrolases with
a broader substrate profile than the other classes.

Among the fourâ-lactamase classes, the class A enzymes
are the most frequently encountered in clinical isolates

because of plasmid selection and transfer in response to the
introduction of newâ-lactams. “Extended-spectrum” class
A â-lactamases are variants of a parental type and have one
to five amino acid substitutions for better hydrolysis of
second and third generation cephalosporins (6). As well,
inhibitor-resistant class Aâ-lactamases, having low affinity
for heavily used inhibitors such as clavulanic acid, sulbactam,
or tazobactam, have been isolated (7, 8).

This evolution of plasmid-encoded extended-spectrum and
inhibitor-resistant variants is progressing rapidly in the
clinically prevalent TEM- and SHV-typeâ-lactamases. The
parental forms, TEM-1 and SHV-1, were first reported in
1963 and 1974, respectively, and have spread among
bacterial species so that now there are more than 60 variants
of the TEM-type gene and 12 variants of SHV (9). Crystal-
lographic study of the plasmid-encoded TEM-type enzyme
was initiated in the early 1970s (10) and was completed at
high resolution in the 1990s (11-13). Here we report the
structure of SHV-1, theâ-lactamase predominating in
ampicillin-resistantKlebsiella pneumoniaeand the prototype
of the growing family of SHV variants. The availability of
this parental SHV structure will put on firmer ground the
structure-based modeling of SHV variants.

MATERIALS AND METHODS

Gene Cloning and Enzyme Purification. The SHV-1
â-lactamase gene (bla) was directionally subcloned into the
phagemid vector pBCSK (Stratagene, La Jolla, CA) from a
clinical strain ofK. pneumoniae15571 (A. Hujer, L. Rice,
V. Anderson, and R. Bonomo, unpublished results). The
DNA sequence of theblaSHV-1 gene in this report has been
deposited into GenBank (Accession No. AF124984).Es-
cherichia coli DH10B [F-mcrA ∆(mrr-hsdRMS-mcrBC)
φ80dlacZ∆M15 ∆lacX74 deoR recA1 endA1 araD139 ∆-
(ara, leu)7697galU galK λ-rpsL nupG] was the host strain
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used to harvest the SHV-1 enzyme (Gibco BRL, Grand
Island, NY). A 5 mL overnight culture from a single colony
of E. coli with blaSHV-1 was used to inoculate 1.5 L of
Luria-Bertani broth containing 100µg/mL ampicillin and
20 µg/mL chloramphenicol (Sigma, St. Louis, MO). Cells
were grown for 16-20 h to stationary phase. Cell pellets
were obtained from overnight cultures and were stored at
-20 °C until purification.

The enzyme was liberated by stringent periplasmic frac-
tionation using lysozyme and EDTA (14, 15). Crude lysates
were clarified by filtration (0.22µm) and concentrated with
a Diaflo ultrafiltration membrane (Amicon, Inc., Beverly,
MA) having a 10 kDa molecular mass cutoff. Theâ-lacta-
mase was purified using preparative isoelectric focusing in
a Multiphor II apparatus (Pharmacia, Piscataway, NJ) in an
Ultradex gel bed containing 2% ampholines through a pH
gradient of 6-8. The gel was run overnight at 4°C with
limiting conditions at 2000 V, 50 mA, and constant power
(8 W). â-Lactamase activity was identified by applying finely
cut strips of filter paper to the top of the gel and observing
the yellow-to-pink color change after application of a 100
µM solution of nitrocefin (Becton-Dickinson, Cockeysville,
MD) to the paper. Areas containingâ-lactamase activity were
cut from the gel, placed in PEGG columns (Pharmacia), and
eluted with 20 mM diethanolamine buffer, pH 8.3. To
remove ampholines, the eluate (approximately 15 mL) was
dialyzed 18 h at 4°C in 1.5 L of diethanolamine buffer.
Samples were concentrated by ultrafiltration. Purity of
fractions was assessed using Coomassie Blue stained 12%
SDS-PAGE gels. Protein concentrations were determined
with the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA).

Crystallization. Crystals having cubic morphology and
measuring up to 0.3 mm were grown at room temperature
by the vapor diffusion method. The 25µL sitting protein
drop [2 mg/mL, 0.56 mM Cymal-6 detergent (1 cmc,
Anatrace, Maume, OH), 15% poly(ethylene glycol) (Mr )
6000, Hampton Research, Lagnua Niguel, CA), 50 mM
HEPES buffer, pH 7.0] was placed over a 0.75 mL reservoir
solution containing 30% poly(ethylene glycol) and 100 mM
HEPES buffer. The enzyme crystallized in 1 week in the
orthorhombic space groupP212121 with cell dimensionsa
) 49.6 Å,b ) 55.6 Å, andc ) 87.0 Å and one molecule in
the asymmetric unit (2.08 Å3/Da; 41% solvent volume). Of
many additives tested in order to optimize the crystallization
with PEG, two components of a 24-detergent screen kit
(Hampton Research), Cymal-5 and -6, were found necessary
for improving crystal size, morphology, and, especially,
mechanical robustness. Crystals from Cymal-6 were used
for data collection.

X-ray Data Collection. Data were collected at 20°C from
a capillary-mounted crystal on a Bruker Histar multiwire area
detector on a Rigaku RU-200 rotating anode generator
operating at 40 kV and 60 mA with a 3 mmfilament (Cu
KR radiation) and double-mirror Franks focusing. At a
detector distance of 10 cm, 1024× 1024 pixel frames were

counted for 120 s through anω step of 0.2°. Data were
reduced and scaled with XGEN (Molecular Simulations, Inc.)
to anRsym ) 0.065 for 15 082 unique reflections from 49 725
observations for an overall completeness of 85%. Data
statistics are summarized in Table 1.

RESULTS

Structure Determination. The crystal structure was solved
by molecular replacement using as a search model the
structure of the homologous TEM-1â-lactamase [(13),
Protein Data Bank, 1XPB], which has 68% sequence identity
with the 28 874 Da SHV-1 enzyme (Figure 1). With the
program AMoRe (16) and an integration radius of 24 Å for
all data in the resolution range from 8 to 4 Å, two solutions
were found having correlation coefficients 29% and 15%.
When both solutions were used in a translation search, only
the first produced a significantly better correlation coefficient
and R-factor (47% and 44%, respectively). Rigid body
refinement improved these parameters to 50% and 42%.

Structure Refinement. The initial electron density map was
generally complete along the entire polypeptide chain and
showed side chain densities expected for the SHV-1 enzyme.
Two cycles of manual fitting of the SHV-1 sequence
(GenBank AF124984; A. Hujer, L. Rice, V. Anderson, and
R. Bonomo, unpublished results) using the program CHAIN
(17) were done to optimize backbone and side chain
positions, especially near helix H10 from position 218 to
228. Simulated annealing refinement was initiated at 1500
K with X-PLOR (18). Maps using all data from 21 to 1.98
Å showed significant electron density later attributable to
one molecule of Cymal-6 detergent. To chose protein side
chain rotatmers and water positions, hydrogen-bonding
patterns andB-factors were examined carefully. Final an-
nealing cycles were started at 500 K and used weights to
restrain water positions. For a model which included all 265
amino acid residues, one Cymal-6 molecule, and 81 water
molecules (B-factors< 50 Å2), the resulting crystallographic
R-factor is 0.182 for all nonzero data in the range 8.0-1.98
Å. The Rfree value is 0.254 (19). Deviations of the protein
model from ideality are 0.018 Å and 1.8° for covalent bonds
and angles, respectively. From a plot ofR-factor vs resolution
the coordinate error is estimated to be 0.21 Å. Conformation
analysis shows that non-glycine residues with less-favored
backbone conformations include catalytic site residues
Met69, Tyr105, and Ser130, as observed in other class A
â-lactamases (12, 13, 20-22). Others with positiveφ and
ψ angles are 61, 172, 179, 241, 254, 255, and 267. A
â-lactamase residue expected to have a high-energy confor-
mation, Leu220, is instead found relaxed, possibly because
of the H10 movement (see below). Final refinement results
are given in Table 2. The electron density map near the

Table 1: X-ray Data Collection and Reduction

temp (°C) 20 highest shell,d (Å) 2.09-1.96
dmin [for 3σ(I)] (Å) 1.97 (1.99) observations 2259
observations 49725 unique reflections 1156
unique reflections 15082 completeness 0.40
completeness 0.85 avI/σ(I) 3.2
av I/σ(I) 15.5 Rsym(I)a 0.194
Rsym(I)a 0.065

a Rsym ) ∑|Iav - I i|/∑I i, whereIav is the average of all individual
observations,I i. The space group isP212121.
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catalytic site is shown in Figure 2. Atomic coordinates have
been deposited in the Protein Data Bank (Entry 1SHV) at
Rutgers University.

Detergent Binding. The electron density map showed clear
density for a single molecule of the detergent included in
the crystallization media (Figure 3a). The hydrocarbon tail
of Cymal-6 is surrounded by hydrophobic residues from the
â-sheet and twoR-helices, H10 (218-224) and H11 (272-
289), on the face of theâ-sheet. Some residues contacting
the detergent tail are isoleucines 221, 231, 246, 263, and
287, valines 224 and 261, leucines 225 and 250, alanines
280 and 248, and glycine 283. The solvent-exposed disac-
charide group is hydrogen bonded to surface residues 93-

96 in the all-helix domain of a neighboring molecule (Figure
3b,c). To our knowledge, this is the first observation of a
complete, undisordered molecule of detergent directly fa-
cilitating intermolecular aggregation and crystallization.

To establish whether the bound detergent molecule, about
17 Å from the reactive Ser70, could alter the catalytic
competence of the enzyme, activity measurements were
performed with Cymal-6 in the crystal and in solution.
Nitrocefin, a chromophoric cephalosporin, was added to the
crystal’s holding solution at 3-5 mM. After 15-20 min,
the crystal turned red, indicating enzymic activity in the
crystal. Measurements of activity in a solution of SHV-1
containing 0.6 mM Cymal-6 showed approximately 20% and
25% reductions in reaction velocity for nitrocefin and
penicillin-G (Fluka, Ronkonkoma, NY), respectively. Initial
rates were determined during the first 5-10% of the reaction
in 20 mM sodium phosphate buffer at pH 7.4 with 100µM
substrate and 11.5 nM enzyme. The corresponding molar
extinction coefficients used with a Hewlett-Packard 8452
spectrophotometer were∆ε ) 17 400 M-1 cm-1 at 482 nm
and∆ε ) 529 M-1 cm-1 at 240 nm, respectively (23).

DISCUSSION

SHV-1 and Its Comparison with TEM-1. The SHV-1
â-lactamase has two domains, one is entirelyR-helical and
the second consists of a five-stranded antiparallelâ-sheet

FIGURE 1: Alignment of sequences for the mature forms of SHV-1 and TEM-1â-lactamases. The consensus numbering for class A
â-lactamases (41) results in deletions in both enzymes at positions 239 and 253. Differing positions are marked.

FIGURE 2: Stereoview of the 2Fo - Fc electron density around the catalytic site from FRODO (42). The contour level is 1.5σ.

Table 2: Crystallographic Refinement

resolution range (Å) 8.0-1.98
no. of reflections used [F > 0σ(F)] 13653
R-factor 0.182
Rfree factora 0.254
rms deviations from ideality

bond lengths (Å) 0.018
bond angles (deg) 1.8
planarity (deg) 1.5

meanB-factors (Å2)
protein 14.1
detergent 21.0
water 26.8
all atoms 14.7

a Calculated from 6.6% of the reflections omitted from refinement.
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surrounded on both sides byR-helices (Figure 4). The general
fold of the enzyme resembles that seen in other class A
â-lactamase crystal structures, whether plasmid-encoded or
chromosomal (see ref24). The closest homologue of the
plasmid-encoded SHV-1 enzyme is the TEM-1 enzyme,

which has a 68% identical sequence (Figure 1) and a similar
substrate specificity profile. However, in response to the
introduction of novelâ-lactams and mechanism-based in-
hibitors, the genes of the two parentalâ-lactamases are
rapidly evolving by somewhat separate pathways, and further,

FIGURE 3: (a) Stereoview of the 2Fo - Fc electron density of Cymal-6 at a contour level of 1.35σ from CHAIN (17). (b) MOLSCRIPT (43)
view of the crystal packing ofâ-lactamase. The detergent links SHV-1 molecules along thea direction of the lattice. (c) MOLSCRIPT
diagram showing intermolecular hydrogen bonding via the maltose moiety of Cymal-6.
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the two â-lactamases exhibit affinities for theâ-lactamase
inhibitory protein (BLIP) differing by 3-4 orders of
magnitude (25). A comparison of the SHV-1 with TEM-1
prototypes may reveal structural factors contributing to these
puzzling observations.

Most of the 12-15 nonconservative sequence differences
in the two enzymes occur at solvent-exposed positions 92,
98, 100, 120, 146, 147, 198, 201, 202, 212, 213, 255, 273,
and 281. Changes at neighboring positions 266 (Thr to Arg
in SHV-1) and 267 (Gly to Asp) result in longer side chains
which may stabilize theΩ loop (160-181) via several
solvation bridges. Other significant changes will be discussed
below.

R-Carbon atoms of the SHV-1 and TEM-1 (1XPB)
enzymes overlay within an rms deviation of 1.4 Å (Figure
5). For comparison, the overlay of TEM-1 with theâ-lac-
tamases ofBacillus licheniformis749/C (4BLM) andSta-
phylococcus aureusPC1 (3BLM) gives rms deviations of
2.0 and 2.4 Å, respectively. For the SHV/TEM pair the
deviations greater than the rms value occur at the N-terminus,
at the 38-39 and 252-256 loops nearâ-strands, and at 218-
230 in the H10R-helix. It is possible that some or all of the
H10 displacement, from 2 to 8 Å relative to TEM-1, is due
to the nearby binding of the detergent molecule. Correlated
with the displacement of H10 is a backbone rotation at Val
216 above the substrate binding site, and this might be the
cause of the reduction in enzymatic activity measured in the
presence of Cymal-6 detergent (see Results).

Catalytic Site. The six catalytically important residues
(Ser70, Lys73, Ser130, Glu166, Asn170, and Lys234) in
SHV-1 have individual solvent accessibilities comparable to

those in other class A enzymes. Quintessential are the
observed zero accessibility for Lys73 and Lys234 and the
minimal but necessary accessibility for Glu166, as discussed
previously (21). Selected distances in the catalytic site (Figure
6) are given in Table 3 and, except for a long distance
between Lys73 and Asn132, are unexceptional when com-
pared with averaged distances from other class A structures
(26). The six residues listed above superpose with those in
TEM-1 very closely with an rms deviation of 0.23 Å.
However, larger differences between the two enzymes are
seen at the mouth of the binding cavity. Distances from
backbone atoms on the 104-105 loop or 130-132 loop
across to the 235-238 â-strand are significantly greater in
SHV-1 by 0.7-1.2 Å and may explain the longer Lys73 to
Asn132 distance in SHV-1.

On the left side of the mouth the presence of Asp104 in
SHV-1 for Glu104 in TEM-1 makes the mouth yet larger in
SHV-1 and may be a determinant of the very slight
differences in substrate profiles of SHV-1 and TEM-1. While
in someâ-lactamases the 104 side chain is hydrogen bonded
to Asn132, in SHV-1 Asp104 is solvated with its backbone
CO group hydrogen bonding to Asn132. Modeling has
indicated that the residue at 104 may influence the position-
ing of the important 130-132 loop (27) or may simply
provide favorable bonding with certain substrates (28). It is
interesting that Glu104 in TEM-1 is frequently substituted
by Lys in natural TEM variants having an extended profile
for cephalosporins, but to date no substitutions for Asp104
have been found in SHV variants (9, 24). We will discuss
below how the Asp/Glu104 difference in SHV/TEM may
contribute to their great differences in binding to BLIP.

FIGURE 4: Stereoview of the SHV-1â-lactamase drawn by MOLSCRIPT (43). Ampicillin has been docked to show the position of the
â-lactam binding site near Ser70.

FIGURE 5: Overlay ofR-carbon atoms in SHV-1 (yellow) and TEM-1 (1XPB, dashed blue) from FRODO (42). The rms deviation for all
263 carbon atoms is 1.39 Å. The detergent molecule bound to SHV-1 is shown in pink.
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On the right side of the mouth along theâ-strand, Gly238
is exclusively substituted by Ser in most SHV variants (8 of
12) and in at least 16 of the more than 60 TEM variants.
Lower on theâ-strand (and adjacent to 238 in the consensus
numbering), the solvent-exposed Glu240 is often found
changed to Lys (only) in both SHV and TEM families.
Attempts have been made to understand these natural
mutations using site-directed mutagenesis and structure-based
modeling (28-32). Perhaps our finding of a widened mouth
in SHV-1 helps explain the observation that analogous
substitutions in the 238 region in TEM and SHV variants
do not elicit the same phenotypic response (33).

TheΩ Loop. The possible role of theΩ loop (160-181)
in influencing substrate spectra of class A and class C
â-lactamases (34, 35) has recently been much better defined
by a crystallographic study of an engineered class A mutant
lacking the entireΩ loop (36). In the SHV/TEM pair a
sequence difference in theΩ loop at position 167 (Pro in
TEM-1 to Thr in SHV-1) adds a methyl group into the cavity.
The Glu166-Thr167 peptide bond in SHV-1 is found in the
cis conformation, as in all crystal structures of class A

â-lactamases. Two hydrogen bonds between conserved
residues Glu166 and Asn136 stabilize the non-proline cis
peptide and help to configure theΩ loop so that Glu166
and Asn170 can activate the catalytic water molecule. Two
nonconservative sequence differences in theΩ loop at 175
(Gly to Asn in SHV-1) and 177 (Ala to Glu) produce
solvated side chains and do not result in differences in
backbone conformation. As mentioned earlier, a possibly
significant difference is that one edge of theΩ loop in SHV-1
(172-176) appears to have additional stabilization, not
present in the TEM-1 enzyme, resulting from linkages with
hydrogen-bonding residues Arg266 and Asp267 on the
â-sheet.

At Asp179 a salt bridge is made to Arg164 across the neck
of theΩ loop, a feature conserved in class Aâ-lactamases.
Natural substitutions appear in these two residues in the SHV
and TEM families, but only singly in each family. Variants
at position 179 are found in SHV variants, while variants at
position 164 are found in TEM variants. We observe that
the environments and conformational angles of these two
residues in the parental SHV-1 and TEM-1 structures are
equivalent, showing that the cause for this two-path variation
is not a local difference in structure.

Water Molecules. The catalytic site of SHV-1 contains five
ordered water molecules. As in all class Aâ-lactamases, one
of these waters (here W310) is in the oxyanion hole with
hydrogen bonds to the backbone amide groups of Ser70 and
Ala237 (Table 3), and it would be displaced by a substrate’s
â-lactam carbonyl group. The catalytically primed water
molecule (W317) is strongly hydrogen bonded to Glu166 in
theΩ loop, with additional hydrogen bonds to Asn170 and
Ser70. A well-ordered water molecule (W305) lies between
Asp214, Lys234, and Thr235. In the superposed SHV-1 and
TEM-1 crystal structures (Figure 6), these three water
molecules lie within 0.4-1.0 Å of one another.

The remaining two molecules in SHV-1 are in positions
variable from oneâ-lactamase structure to another. One
(W384) is weakly bonded to Asn132, and the other (W386)
near Thr235 is clearly ellipsoidal in shape and may in fact
be two disordered water molecules. In other structures this
site is often occupied by tetrahedral anions such as sulfate
(12, 13) and cacodylate (21) or by an unknown species (37).
Among these five water molecules in SHV-1, there are no
inter-water distances less than 3.3 Å.

FIGURE 6: Overlay of active sites in the SHV-1 (yellow) and TEM-1 (1XPB, blue)â-lactamases. Water molecules are marked. Minimization
was based on all atoms in residues 70, 73, 130, 132, 166, and 234. Orientation is similar to that in previous figures.

Table 3: Catalytic Site Distances (Å)

protein-protein distance (av)a

Ser70OG Lys73NZ 2.63 (2.70)
Ser130OG Lys73NZ 3.59 (3.55)
Ser70OG Ser130OG 3.31 (3.25)
Ser130OG Lys234NZ 2.72 (2.90)
Lys73NZ Asn132OD1 3.10 (2.70)
Ser70N Ala237N 4.94 (4.70)
Ser70OG Lys234NZ 4.52 (4.55)

protein-water distance

Ser70OG W317 2.92
Glu166OE2 W317 2.42
Asn170OD1 W317 3.02
Ser70N W310 3.32
Ala237N W310 2.73
Asn132OD1 W384 3.17
Asn132ND2 W384 3.34
Asp214OD1 W305 3.06
Lys234NZ W305 3.04
Thr235OG1 W305 2.86
Thr235OG1 W386 3.90

a An average from four structures of three class Aâ-lactamases (26)
is given in parentheses.
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The water molecule normally seen bridging between the
guanidinium group of Arg244 and the carbonyl group of
Val216 (Figure 6) is not seen here, likely a result of Cymal-6
binding near 222-226 on H10. The backboneφ/ψ angles
of Val216 are altered from-115°/10° in TEM-1 to -75°/-
52° in SHV-1. This conformation rotates the 216 carbonyl
group slightly away from Arg244, possibly releasing the
bridging water molecule. This water molecule has been
implicated in the mechanism of clavulanate inhibition of class
A â-lactamases (44), and its loss may explain our difficulty
in detecting a clavulanate intermediate by cryocrystallogra-
phy (unpublished data).

Several other water molecules stabilize folding. These
structural water molecules have lowB-factors and bind not
to mutatable side chains but to peptide backbone groups. Of
the 63 water hydrogen bonds to peptide groups, twice as
many (43) involve carbonyl groups than amide groups (20).
Many internal hydration interactions are conserved in all class
A â-lactamases (21). An example is the N-cap water
molecule W302 which helps position Ser70 relative to the
Ω loop containing the catalytic site residues Glu166 and
Asn170:

BLIP Binding. The 17.5 kDaâ-lactamase inhibitory protein
of Streptomyces claVuligerus binds to the class Aâ-lacta-
mases with a broad range ofKi (25, 38, 39). The crystal
structure of the BLIP/TEM-1 complex has been reported
(40). Factors in the inhibition are hydrogen binding between
AspB49 of BLIP and four catalytic residues in theâ-lacta-
mase and binding by PheB142 of BLIP in the site normally
occupied by the benzyl ring of penicillin-G. The intermo-
lecular binding generally occurs along a large surface formed
by â-lactamase residues 99-112.

BLIP binds SHV-1 much more weakly than TEM-1 (Table
4). Electrostatic factors (39) and differences in pKI (7.6 for
SHV vs 5.4 for TEM) may influence binding. To search for
a structural basis for this difference in binding, a virtual
BLIP/SHV-1 complex was constructed by overlaying the
SHV-1 and BLIP/TEM-1 crystal structures, but minimizing
only 115 residues nearest the BLIP interface. TheR-carbon
atoms of SHV-1 and TEM-1 fit within 0.65 Å rms. Simple
to rationalize in the weakening of BLIP binding to SHV-1
is the sequence change at position 124 (Ser in TEM-1 to
Ala in SHV-1), which removes a hydrogen-bonded water

bridge to BLIP SerB35. This, however, is only one of the
many interactions documented in BLIP/TEM-1 binding (40).
Other notable side chain differences at the interface occur
at positions 100 (Asn to Gln in SHV-1), 104 (Glu to Asp),
and 215 (Lys to Arg). These differences are conservative in
character, but they involve a change in side chain size.
Electrostatic binding by Glu104 and Lys215 exists in the
BLIP/TEM-1 complex. Of the two attractions, the Glu104
linkage is better structured and is nearer the catalytic site
(Figure 7). Shortening Glu104 to aspartic acid in SHV-1 (and
lengthening Lys215 to arginine) may necessitate a global
shift or rotation of BLIP, moving PheB142 from theâ-lactam
site and producing multiple perturbations elsewhere along
the interface.

The published BLIP binding data for SHV-1, TEM-1, and
TEM variants are rather dissimilar (Table 4). If we accept
that the structural changes above could result in a 2000-
9000-fold lower binding affinity for SHV-1, why does the
engineered mutant of TEM-1, with a more radical change at
104 (Glu to Lys), show only a 1000-fold lower affinity? Also
unaccountable is the datum indicating that the natural TEM-3
variant, with the same radical change at 104 (Glu to Lys),
maintains strong BLIP binding! Does the additional change
in TEM-3 at 238 (Gly to Ser) counter the change at 104?
The datum for the Gly238 to Ser TEM-1 mutant does not
support such a counter effect. It appears that more study is
needed to resolve these binding data before structural
conclusions can be drawn.
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