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초록

박테리아 Burkholderia thailandensis 유래 PenL ESBL 에

의한 Beta-lactam 계 항생제 내성의 구조생물학적 성상에 대한

연구

카오 틴 팟

지도교수: 이성행, Ph.D.

의과대학

조선대학교 대학원

항생제 내성은 병원성 박테리아 감염에 대한 의료 치료에서 가장 심각한

문제이다. 널리 알려진 병원균들은 새로이 개발된 항생제들의 스트레스에서

살아남기 위해 여러 기전들을 발전시켰다. 전 세계적으로 병원균들의 높은 항생제

저항력에 대한 연구는 더욱 효과적인 약물을 개발하기 위한 필요하다. 특히, 세균의

항생제 저항에 대한 분자적메커니즘을 이해 새로운 항생제의 개발과 그에 따른

의료문제 해결에 필수적이라 할 수 있다.

병원균의 항생제 저항성은 흔히 약물 흡수를 줄이고, extended spectrum b-

lactamases (ESBL)를 유도하여 약물을 비활성화 시키고, 유출 펌프 작용을

강화하는 등, 대략 세가지 메커니즘을 통해 설명된다. 그러한 메커니즘들 중, 

ESBL 의 출현은 전염병 치료제인 b-lactam 항생제와 이 항생제를 분해하는 효소인

b-lactamase 의 억제제 때문이다. Penicillin-type, carbapenem-type, and 

cephalosporin-type 항생제를 포함하는 모든 b-lactam 항생제와 b-lactamase 

억제제는 b-lactamases 의 작용을 피하거나 비활성화하도록 설계 되어 있어서,
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박테리아 세포벽 생합성을 효과적으로 저해 할 수 있다. 그러나 단일 아미노산의

돌연변이, 즉 단일 아미노산 치환과 삭제에 의해 거대 복합 구조 b-lactam 항생제를

가수 분해하는 ESBL 의 출현은 극복해야할 의료적 문제이다. 이러한 단일

돌연변이에 의해 발생한 ESBL 들의 항생제 분해 메커니즘의 원리 연구는 차세대

항생제 개발에 기초적인 지식 기반을 제공할 것이다.

이 논문의 목적은 Burkholderia 병원체, 특히 B. pseudomallei 유래

ESBL 들의 구조생물학 및 효소동력학 연구를 통해 항생제 내성에 대한 분자적

기전을 규명하는 것이다. B. pseudomallei 는 치명적인 전염병인 멜리오이도증

(melioidosis)을 일으키는 그람 음성 병원균이며, B. pseudomallei 에 의한 급성

감염은 박테리아의 항생제 저항성 때문에 매우 치명적이다. B. pseudomallei 에 대한

치료법은 ceftazidime 와 meropenem 과 같은 몇 가지 강력한 b-lactam 항생제로

제한되며 높은 사망률로 유명하다. 따라서 B. pseudomallei 에 대한 새로운 약물과

치료 전략을 수립하기 위해서는 세균의 항생제 저항에 대한 메커니즘 이해가 반드시

필요하다. 하지만 이 위험한 병원균에 대한 실험은 또 다른 심각한 문제이다. 다행히

B. pseudomallei 의 이상적인 연구 모델로 게놈, 생리학, 면역 반응 특징 면에서 모두

높은 유사성을 지닌 비병원성 B. thailandensis 를 이용 할 수 있다. 이와 관련하여

B. thailandensis 로부터의 Pen-type b-lactamase, 즉, PenL 이란 단백질이 본

연구에서 조사 대상으로 선택되었다. 4 가지 PenL ESBL 변종 Cys69Tyr, 

Asn136Asp, Thr171del 및 Ile173del 의 ceftazidime 의 3 세대 cephalosporin 의

가수 분해 능력을 삼차원 PenL ESBL 의 분자구조에 분자동력학 시뮬레이션 및 생체

물리학 데이터와 결합하여 연구 하였다. 본 연구는 이러한 네 가지 돌연변이가

구조적으로 국부적 구조 성분들의 매우 세밀한 변화를 유발하여 기존에 알려진

효소의 기질 결합과 촉매 활성에 필수적인 세 가지 부분에 영향을 미친다는 것을

발견하였다. 그 결과는 (i) Cys69Tyr경우, strands b3b4 를 변형시키고  canonical 
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oxyanion hole 주위의 정전기적 분포를 변경하는 것; (ii) Asn136Asp 돌연변이는

W-loop 유연성을 높임으로써, 연속적인 충돌 효과를 통해 b3b4 의 유연성을

증폭시킨다; (iii) Thr171del 과 Ile173del 의 경우, W-loop 를 단축과 유연성을

향상시켜 크기가 큰 기질의 결합을 위한 활성자리의 공간을 확보함을 관찰 하였다.

세 가지 언급 된 영향은 모두 ceftazidime 의 수용을 용이하게 하는 활성 자리의

확대와 그 주위의 아미노산 잔기들의 재배치를 초래한다. 결과적으로, 위 새로운

non-canonical region 에서 일어나는 네 가지 돌연변이에 의하여 생성된 ESBL

효소는, 미세한 내적 구조 성분의 변화를 통하여 돌연변이 효과가 궁극적으로 기질

결합과 촉매반응에 필수적인 부위 (b3b4, W-loop)에 전해져 3 세대

cephalosporin 인 ceftazidime 에 대한 기질 친화력 증가 및 촉매 효율을 증가시킴을

관찰 하였다.

본 연구결과는 박테리아의 항생제 내성에 대한 메커니즘적 근거를 분자

수준에서 고찰 하였으며, b-lactamase 에 의한 항생제 가수 분해 능력의 증가는

구조상의 미묘한 변화에 의해 촉발될 수 있다. 이러한, 현재까지 보고된 ESBL 의

위치와는 확연히 다른 non-canonical region 및 deletion 에 의한 새로운 ESBL 의

출현은 의학적으로 매우 중요한 의미를 가지며, 다른 병원균에서도 이러한

위치에서의 돌연변이 유래 ESBL 들의 출현이 예상된다. 따라서, 본 연구의

결과는 Burkholderia 병원균 및 다른 병원균의 b-lactamase 억제제 개발 전략에서

새로이 고려 되어야 할 기초지식을 제공 한다.
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ABSTRACT

Structural Basis for a b-lactam Resistance by PenL ESBLs from 
Burkholderia thailandensis

Thinh-Phat Cao

Advisor: Prof. Sung Haeng Lee, Ph.D.

Department of Biomedical Sciences

Graduate School of Chosun University

Antibiotic resistance is the most severe problem in medical treatment against the pathogenic 

infection. Notorious pathogens, e.g. Klebsiella penumoniae, Acinetobacter baumannii, Burkholderia 

pseudomallei, etc., have evolved several types of machinery to survive under the pressure of 

innovative antibiotics. The high rate of antibiotic resistance on the world has required more 

endeavors to discover effective drugs used in the treatment against those pathogens. Understandings 

the molecular basis of the resistance have, therefore, emerged as critical first step to address the issue, 

and ultimately improve the public health care.

Common observed mechanisms of the antibiotic resistance in pathogens include: reduction of 

drug uptake; modification drug target; inactivation of drug by inducing the extended spectrum b-

lactamases (ESBLs); and enhancement of action of efflux pump. Among these mechanisms, the 

emergence of ESBLs is the most widespread due to the common use of b-lactam antibiotics and b-

lactamase inhibitors as the first-line in infectious disease treatment. All of the b-lactam antibiotics 

and b-lactamase inhibitors, including penicillin-type, carbapenem-type, and cephalosporin-type have 

been designed to avoid and/or to inactivate the action of b-lactamases, so that the drugs can 

effectively attack the transpeptidase enzymes which involved in bacterial cell wall biosynthesis.
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However, bacteria have evolved their ESBLs, which can hydrolyze the novel b-lactam antibiotics

which have large size and complex substituent branches, and escape from antibiotic-like inhibitors. 

Interestingly, emergence of ESBLs can be triggered by single amino acids mutations on the wild-

type b-lactamase, i.e., substitution and deletion. The mechanistic principle for the effect of such 

single mutations on the enhancement of drug hydrolysis by b-lactamase should be thoroughly 

investigated to underlie the basis for drug resistance, which is necessary for next-generation drug 

innovation.

The objective of this thesis is to elaborate the mechanistic basis of antibiotic resistance of 

Burkholderia pathogens, especially B. pseudomallei, at the molecular level through structural and 

kinetic studies. B. pseudomallei is a Gram negative pathogen which causes the melioidosis, a fatal 

infectious disease. Despite being relatively rare among the notorious pathogens, acute infection of B. 

pseudomallei is a significant threat due to its complicated intrinsic resistance to the common b-lactam 

antibiotics. Therapy for treatment against B. pseudomallei is largely restricted to a few strong b-

lactam antibiotics such as ceftazidime and meropenem. However, the treatment is very easy to fail 

with high mortality rate. In order to develop novel drugs and medical treatment strategies against B. 

pseudomallei, the comprehension on the mechanistic basis for the resistance of the bacterium is 

certainly required. However, experimenting with this dangerous pathogen is another serious problem. 

For the reason, the non-pathogenic B. thailandensis which has high similarity in both genome, 

physiology, and immune response characteristics has been used as research model for B. 

pseudomallei. With the regards, the Pen-type b-lactamase from B. thailandensis, i.e., PenL, is chosen 

to investigate in this study. The hydrolysis ability of ceftazidime, a third-generation cephalosporin, 

of four PenL ESBL variants Cys69Tyr, Asn136Asp, Thr171del, and Ile173del is discussed based on 

their kinetic parameters and high-resolution structures, in combination with molecular dynamics

simulation and biophysical characterization. Our researches demonstrate that although the four 

mutations occurred at non-catalytic and non-substrate-binding sites, they can trigger the subtle 

rearrangements on the local configuration, which consequently influence the three critical catalytic 
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segments of the enzyme. These effects include (i) distorting the strands b3b4 and altering the 

electrostatic distribution around the canonical oxyanion hole (Cys69Tyr); (ii) enhancing the 

flexibility of W-loop to boost the fluctuation of strands b3b4 via serial steric conflictions

(Asn136Asp); and (iii) shortening the W-loop to increase both the space for substrate binding and the 

flexibility of W-loop per se (Thr171del and Ile173del). As a result of these effects, the active site 

cleft of the enzyme is enlarged and rearranged to facilitate the accommodation of ceftazidime. As a 

consequence, the affinity toward ceftazidime of the mutated enzymes is augmented to give rise to

their catalytic efficiency, thus far explaining for the biological advantage of these ESBLs in term of 

ceftazidime resistance of B. thailandensis.

Our findings underlie the mechanistic basis for the antibiotic resistance of bacteria at the 

atomic level. The increase in antibiotic hydrolysis ability can be triggered by any subtle change in 

the structure of b-lactamase that affects the critical segments. The emergence of ESBLs, therefore, 

can be induced by mutations any unanticipated single amino acids regardless of position, i.e. single 

the mutations occur at non-canonical regions. Our data also provide insights that may implicate the 

strategy for the development of a novel b-lactamase inhibitor, e.g. an inhibitor with extra negative 

branches, which can be used in combination with ceftazidime to improve the effectiveness of 

treatment against Burkholderia pathogens. 
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HIGHLIGHT
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substrate binding residues that promote the substrate spectrum extension of PenL b-lactamase: 

Cys69Tyr and Asn136Asp, Thr171del and Ile173del.
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I. INTRODUCTION

1. Burkholderia group

Burkholderia group comprises of several opportunistic nosocomial gram-negative pathogens 

which, for instances, notoriously cause respiratory infections (B. multivorans, B. cenocepacia), 

glanders (B. mallei), and melioidosis (B. pseudomallei) [1, 2]. Specifically, B. pseudomallei infects 

to human through inhalation, ingestion, or skin penetration of contaminated soil or groundwater, 

leading to a wide range of clinical outcomes including asymptomatic state, or clear symptoms such 

as pneumonia, skin abscess, and highly fatal bacteremia. Moreover, melioidosis caused by B. 

pseudomallei infection can be in latency state up to decades before outbreak [3]. B. mallei and B. 

pseudomallei are also listed as biological weapons [1]. 

Notably, Burkholderia pathogens intrinsically resist to common antibiotics such as ampicillin 

or carbenicillin [4-6], making it difficult for medical treatment. The drug choice for Burkholderia

pathogens is thus restricted to a few strong antibiotics such as ceftazidime (third-generation 

cephalosporin) or meropenem (carbapenem) [6, 7]. The antibiotic resistance factors from those 

species have been identified to include class A Pen-type b-lactamases, quorum sensing, signal 

transduction systems [5, 8, 9]. Among these factors, the mutations on Pen-type b-lactamases are

reported the most prominent resistance factor. 

Because of the risk of infection, experiments that carried out on B. pseudomallei and other 

pathogens in Burkholderia groups require stringent protocols, leading to difficulties and limits when 

studying the treatment and prevention methods. Iin 1998, Brett et al. discovered a soil saprophyte 

named B. thailandensis E264, which has close similarity in 16S rRNA with B. pseudomallei [10]. 

The genomes of both strains conserve in 85% and are highly syntenic [11, 12]. On the other hand, B. 
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thailandensis is not an opportunistic pathogen. Therefore, B. thailandensis is being considered as a 

good model for researching in B. pseudomallei, as well as other species in Burkholderia groups in 

some specific proteins due to their high similarity [13-15]. Based on these reasons, this thesis is 

centered on the single mutations on a Pen-type b-lactamase from B. thailandensis, PenL, and their 

biochemical and structural characterization.

2. Extended spectrum Pen-type b-lactamases (Pen-type ESBLs)

2.1 b-lactamase and emergence of extended-spectrum b-lactamases (ESBLs)

 b-lactam is one of largest classes of antibiotic (the other classes are aminoglycoside, 

macrolide, and fluoroquinolone) and encompasses approximately 55% of all antibiotics currently 

circulated [16]. b-lactams target to the bacterial cell wall integrity by inhibiting the biosynthesis of 

peptidoglycan layer. b-lactam is comprised of three basic types, in which the square b-lactam ring 

may be fused with another five-member ring, i.e. penicillin and carbapenem, or six-member ring, i.e.

cephalosporin (Figure 1). Based on the basis of these types, b-lactam drugs can be developed by 

varying the substituent groups R, R1, R2, and R3. In addition, Aztreonam is the only one 

monobactam that is currently circulated (Figure 1). Extensive use of b-lactam antibiotics has 

accelerated the selective process triggering the evolution of one important class of enzyme in the 

field of antibiotic resistance: b-lactamase, EC 3.5.2.6. Interestingly, the first b-lactamase, 

penicillinase in E. coli, was discovered in 1940 by Abraham and Chain[17], even before the first b-

lactam antibiotic, penicillin, was clinically used two year subsequent[18]. Noted that another class 

of b-lactam drugs is also invented, namely b-lactamase inhibitor (Figure 1). These drugs act as 

suicide substrates that can react an stick permanently in the enzyme active site [19].
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The enzyme b-lactamase hydrolyzes the amide bond, opens the b-lactam ring thus inactivates 

the effect of the drug. In an effort to characterize the enzyme which exclusively emerges in bacteria, 

several classification strategies for b-lactamase have been suggested. One of them, the functional 

classification scheme separates b-lactamases into several groups based on their special activity 

exhibition toward specific substrates and inhibitors [20, 21]. This scheme, however, has not been 

sufficiently elaborated so far. The most common scheme based on their amino acid sequence was 

suggested by Ambler et al., 1980 [22, 23]. Originally, Ambler specified two classes: class A or serine 

b-lactamase which harbors a reactive serine residue in its active site, and class B or metallo-b-

lactamase which employs divalent metal ion (usually Zn2+) for its activity [22]. Later, two new 

classes of serine b-lactamase, class C and class D, were supplemented [24, 25]. The b-lactam 

hydrolysis mechanisms catalyzed by four classes are slightly different, yet those of classes B, C, and 

D are beyond the scope of this thesis.

Structure and functional amino acids of class A b-lactamases were well described for more 

than 30 years. Originated from the same ancestral protein with penicillin-binding protein, serine b-

lactamases possess the catalytic mechanism that is similar to the serine protease. Within class A, 

three subclasses dominate as TEM/SHV (penicillinase), PER/OXA/TOHO (cephalosporinase), and 

CTX-M (carbapenamase). While sharing high structural similarity, those subclasses are slightly 

diverse in active site cleft to adapt their preferential substrates (see more in Figure 3, next section). 

The overall structure of class A b-lactamases can be separated into two major compartments: 

the conserved catalytic ensemble and the variable recognition ensemble. The conserved catalytic 

ensemble consists of the reactive Ser70 which attacks the b-lactam amide bond; two general bases 

Lys73 and Glu166 which electrostatically activate the nucleophilic Ser70; the typical oxyanion hole 

formed by N atoms of Ser70 and Thr237 which stabilizes the negative transient acyl-intermediate; 
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the hydrolytic water coordinated to Glu166 and Asn170 which disrupts the acyl-bond; and several of 

amino acids involved in the b-lactam backbone orientation and proton shuttle including Asn132, 

Thr235, Gly236, Thr237, and Ser130 (Figure 2, and see more in Figure 10A, Results and Discussion)

[19, 26, 27]. The catalytic ensemble is strictly conserved.

Figure 2. Mechanism for b-lactam backbone hydrolysis

(1) The carbonyl of b-lactam is stabilized by the typical oxyanion hole formed by the N atoms of Ser70 

and Thr237. (2) Ser70 can be either activated by two ways: (i) by Lys73 or (ii) by the catalytic water 

which is formerly activated by Glu166; in turn, the nucleophilic Ser70 attacks the amide bond of b-

lactam forming the acyl-enzyme complex. (3) A proton shuttle is initiated starting from b-lactam to 

Ser130 then to Lys73. (4) Glu166 abstracts a proton from the catalytic water, which in turn interrupts 

the acyl bond. (5) The activated catalytic water is added across the acyl-bond, the deacylation is finally 

carried out by Glu166. (6) The inactivated b-lactam is released from the enzyme active site.
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On the other hand, the recognition ensemble is responsible for the adaptability toward different 

substrate types. Upon the innovation of drugs, the residues in this ensemble are further varied to 

adopt alternative recognition modes that facilitate the accommodation of novel substrates with extra 

complex substituent groups. Extensive use of b-lactam antibiotics has accelerated the selective 

process triggering the evolution of one important class of enzyme in the field of antibiotic resistance: 

b-lactamase, EC 3.5.2.6. Interestingly, the first b-lactamase, penicillinase in E. coli, was discovered 

in 1940 by Abraham and Chain [17], even before the first b-lactam antibiotic, penicillin, was 

circulated in clinical use two year subsequent [18].Through these alterations, the extended-spectrum 

b-lactamases (ESBLs) were emerged. In most cases, the variations took place in three critical regions, 

which are placed surrounding, or a part of the catalytic ensemble: lid (92-118), W-loop (160-180), 

and strands b3-b4 (230-251) [14, 28-32] (the summary of ESBL variations found in the two most 

popular types of class A b-lactamase, TEM and SHV, is available at https://www.lahey.org/Studies/

and is also tabulated in Appendix 1 Table 6).

The first ESBL was reported in 1979 by Sander and Sander Jr. which described a case of 

cefamadole resistance, a second-generation cephalosporin, in Enterobacteriaceae species [33]. 

Afterward, a number of cases of ESBL emergence cases have been reported and have become the 

most serious problem in medical treatment against pathogenic infectious diseases due to their major 

responsibility in the resistance against the latest innovative antibiotics. Up until now, although the 

categorical system has yet developed for their thorough clarification, two types of the “historical 

term” ESBL have commonly discussed based on the type of drug they confer the resistance. The first 

type is the mutated b-lactamases that are able to hydrolyze the broad- to extended-spectrum b-lactam 

antibiotics such as amoxicillin, ceftazidime, cefotaxime, imipenem, etc. The second type, of which 

the mutations occur to reduce the ligand binding affinity of b-lactamase, can preclude the inactivation 

effect of b-lactamase inhibitor drugs such as clavulanic acid, tazobactam, avibactam, etc. The 
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emergence of these ESBL types has led to the idea for the efficient recipe in the treatment: a 

combination of a b-lactam antibiotic and a b-lactamase inhibitor. A famous example for this recipe 

is amoxicillin-clavulanic acid, also known as Augmentin which was invented from 1979 by British 

pharmaceutical company Beecham (now part of GlaxoSmithKline), has been being prevalently used 

around the world as the first-line in regimen of treatment against a wide range of bacterial infection. 

In 2015, another combination has been circulated, i.e. ceftazidime-avibactam (Figure 1), approved 

by US Food and Drug Administration under brand the name Avycaz and by European Medicines 

Agency with the name Zavicefta, to treat the infection from the multi-drug resistance gram-negative 

pathogens [34-37]. Unfortunately, the resistance against the combination ceftazidime-avibactam has

already been reported even while the efficacy and effectiveness of the drugs are still under 

examination [38-40]. The rapid evolution of bacteria is therefore an enormous challenge for the 

scientists on the race to combat the infectious diseases. 

2.2. Pen-type b-lactamase and four novel PenL ESBLs

Pen-type b-lactamase is less common than the other three dominant class A family enzymes.

The term “Pen” was named for this family because of its natural penicillinase activity. Pen-type b-

lactamase is the major factor for the resistance of Burkholderia pathogens. Phylogenetic diversity of 

Pen-type respect to the other class A family has not been profoundly analyzed so far. In an attempt 

to clarify the locus of Pen-type among class A b-lactamases, amino acid sequences of several Pens 

from Burkholderia pathogens and PenL (B. thailandensis) were aligned to the representatives from 

the other subclasses. The phylogenetic tree portrayed in Figure 3 demonstrates the utmost close 

distance of PenL with other Pens, especially with PenI (B. pseudomallei, 89% identity) and PenK (B. 

mallei, 89% identity), which has two implications for the present thesis. First, the high similarity of 

PenL to other Pen family enzymes implied the high relevance of this study to the understanding of 
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other Pen-type b-lactamases. Particularly, the vicinity of Pens with the notorious ESBLs such as 

Toho-1, CTX-M-15 asserts their structural and functional kinship. Second, the relative apart distance 

of Pens in respect to TEM-1 and SHV-1 suggests that Pens is possibly classified in an independent 

family. 

Figure 3. Relationship and similarity of Pen-type with other class A b-lactamase families.

LEFT, phylogenetic tree demonstrates the relationship of Pen-type with SHV, TEM, CTX-M, TOHO,

KPC-2, and PER-1 types of class A b-lactamase. RIGHT, superposition of PenL (white, PDB ID: 

5GL9[41]) and PenI (red, 3W4P[27]) with other class A b-lactamases including SHV-1 (orange, 

1SHV[42]), TEM-1 (yellow, 1M40[43]), CTX-M-15 (cyan, 4S2I[44]), Toho-1 (blue, 1IYO[45]), KPC-

2 (pink, 5UJ3[46]), and PER-1 (green, 1E25[47]). The reactive Ser70 is depicted with spheres. The 

inset shows the magnified active site cleft of the enzymes in which the position of three critical 

segments are indicated.
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The structures of PenL[41], PenI[27], as well as other class A b-lactamase representatives 

such as TEM-1[43], SHV-1[42], CTX-M-15[44], Toho-1[45], KPC-2[46], and PER-1[47] have been 

determined. To portray an overall picture in term of structural similarity of Pen-type with the others, 

those class A b-lactamases are superimposed (Figure 3, Right panel). The structural alignment shows 

that PenL is almost identical with the others, expressed by the RMSD at Ca atoms that shown in 

Table 1 below.

Table 1. Primary sequence and structural identity of PenL with other class A b-lactamases

PDB ID Primary sequence 
identity (%)

Root mean square 
deviation (RMSD) (Å)

PenI 3W4P 89 0.294

SHV-1 1SHV 81 0.723

TEM-1 1M40 81 0.379

CTX-M-15 4S2I 54 0.563

Toho-1 1IYO 54 0.473

KPC-2 5UJ3 55 0.594

PER-1 1E25 26 0.956

Despite the overall similarity of the structure, the active site cleft is marginally different among 

the enzymes (Figure 3), suggesting that the functionality and substrate specificity of the class A b-

lactamases are varied by subtle changes in the space of binding cleft. In particular, as demonstrated 

in the same figure, the variations are pronounced at W-loop, lid, and strands b3b4, where the Ca

backbones fluctuate conspicuously. These fluctuations may alter the binding cavity, which in turn 

alter the ability of the enzyme for the accommodation of different types of substrate. This structural 

aspect has been discussed previously [48, 49]. In case of PenL, the amino acid motif on strand b3 is 
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235-TGTG_D-240, where the position 237 is occupied by a threonine while no amino acid dwells in 

position 239, according to the Ambler numbering system. Since the N atom of the residue Xaa237 

constitutes oxyanion hole that stabilizes the tetrahedral intermediate of the substrate, the diversity in 

side chain at this position and its neighbor, position 236, may correlate with the variation in substrate 

specificity of class A b-lactamase [50-52]. These two positions are thus prominently varied (Figure 

4). Another distinctive features are the acidic residue at Ambler position 104 on TEM-1 and SHV-1, 

which is displaced by a basic residue, i.e., arginine, on Pens (Figure 4). This basic residue provides

the inherent recognition for the enzyme toward oxyimino-cephalosporin like ceftazidime (CAZ), 

apparently contributes to the intrinsic resistance to CAZ of Burkholderia bacteria. The role of Arg104 

in PenL will be discussed further in the Results and Discussion section.

Figure 4. Diversity at three critical segments of PenL with other class A b-lactamases.

LEFT, the lid contains two important residues involved in substrate recognition and binding, 104 and 

105. Position 105 is always occupied by an aromatic residue that stabilizes the substrate via p-anion 

interaction, whereas position 104 is considerably variable to alter substrate specificity. CENTER, two 

positions Glu166 and Asn170 on W-loop are strictly conserved among class A b-lactamases, except for 

the role of Asn170 is displaced by Gln176 in PER-1. Position 167, which links to Glu166 by a cis-

peptide bond (except for PER-1), is also diverse so that the absence of proline at this position may 

imply the more flexible W-loop. Two positions Arg164 and Asp179 form the interaction network that 

stabilizes the W-loop, so that these are two hotspots for the emergence of ESBLs. RIGHT, position 237, 

of which the N atom contributes to the typical oxyanion hole formation, is adaptable in the side chain 

to confer the substrate specificity alteration. Mutation at position 240 also grants the cephalosporin 

hydrolysis capacity to CTX-M-type b-lactamases. Position 239 is lacked in all the representative 

enzymes.
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As described above, the medical treatment against Burkholderia pathogens is restricted to a 

few antibiotics, in which the first-line of treatment regime may be immediately prescribed with the 

third-generation cephalosporin, ceftazidime (CAZ) [5, 6, 53]. However, upon the CAZ treatment, the 

primitive Pens have been selectively modified to improve the hydrolysis capacity. For instance, PenI 

variant Cys69Tyr is frequently isolated from the melioidosis patients infected by B. pseudomallei

[54, 55]. Alternatively, the simulated selection experiment on B. thailandensis also gave some 

mutations on PenL that confer CAZ hydrolysis augmentation, most of them occurred at W-loop, 

including tandem repeats [15], substitutions [14], and deletions [14, 56]. The structural basis for CAZ 

hydrolysis capacity of PenL by tandem repeat mutations on W-loop was studied previously 

underlying the role of increased flexibility of W-loop in substrate spectrum extension of PenL [41]. 

Nonetheless, the molecular effects of single substitutions and deletions at non-catalytic residues, i.e., 

Cys69Tyr/Phe, Asn136Asp/Lys, Thr171del and Ile173del, are not disclosed, even if Cys69Tyr 

variant is well-known. Figure 5 shows the extremely high minimal inhibition concentration (MIC) 

values of CAZ treated on B. thailandensis which acquired single mutations on PenL at four positions: 

Cys69, Asn136, Thr171, and Ile173.
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Figure 5. Minimal inhibitory concentration (MIC) of CAZ for B. thailandensis acquired 

PenL variants

Data adapted from Yi et al., 2012 [14] and Hwang et al., 2014 [56]

Due to the unusual locations of the mutations and the need to develop new strategy for drug 

design and medical treatment, the molecular mechanism for the CAZ hydrolysis augmentation by 

these single mutations has attracted. For the reasons, the four single mutations on PenL, Cys69Tyr, 

Asn136Asp, Thr171del, and Ile173del, are the focus of this thesis. In what follows, the structural 

basis for those single mutations in the enhancement of CAZ hydrolysis of PenL is discussed in details.
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Figure 6. Positions of fours residues Cys69, Asn136, Thr171, and Ile173 on PenL structure

UP LEFT, overall structure of PenL b-lactamase (wild-type). Three critical segments are colored in 

deep-salmon (W-loop), yellow-orange (lid), and sky-blue (strands b3b4). Four positions Cys69, 

Asn136, Thr171, and Ile173, are depicted with spheres. UPPER RIGHT, residue Asn136 stabilizes the 

energetically unfavorable non-proline cis-peptide Glu166-Thr167. DOWN LEFT, residues Thr171 and 

Ile173 are located on W-loop but direct out from active site cleft. LOWER RIGHT, residue Cys69 

situates adjacently to the reactive Ser70 but confronts the strands b3b4 and does not directly participate 

in substrate binding or catalysis.
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Position Cys69

Being adjacent to the reactive Ser70, the Ambler position 69 plays a vital role in substrate 

specificity of class A b-lactamase families. In 2009, the first case of the variant Cys69Tyr on PenI 

b-lactamase was reported to be responsible for the resistance to CAZ of B. pseudomallei that infected 

to a male patient [54]. Soon after, the same mutation was once again isolated in a representative 

melioidosis patient who was also treated with CAZ [55]. Even before, many reports on other class A 

b-lactamase families, including, SHV- and TEM-types have already pointed out the potential role of 

position 69 in substrate specificity. Wherein, the substitution of Met69 into Tyr, Phe, or Lys in those 

b-lactamases has increased their CAZ hydrolysis activity, while the replacement with Ile, Leu, or 

Val has resulted in b-lactamase inhibitor resistance [57-60]. It should be emphasized that the position 

69 is never directly involved in substrate binding or recognition, due to the inherent geometry of this 

residue on the peptide sequence. In other words, because the reactive Ser70 has to confront the 

substrate, the adjacent residue at position 69 must face to another direction. Indeed, in all structures 

of class A b-lactamases determined so fa, the residue at position 69 faced toward the strands b3b4 

(Figure 6, lower right panel). While this is true, several structural and kinetics studies suggested that 

such substitutions on Met69 may disrupt, or perturb the oxyanion hole of active site [58, 61, 62].

Nevertheless, this suggestion is not fully confirmed and remain controversial. Notably, those 

studies were unable to address the effect of substitution from Cys69 into bulky Tyr or Phe in case of 

Pen-type b-lactamase, in both physical (size) and chemical (the displacement of functional group in 

side chain) properties. Most importantly, the lack of high-resolution structure restricted the full 

explanation of the mechanistic basis for the mutation in this position.
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Position Asn136

Until now, Asn136 has not been reported as a potential target for the emergence of ESBLs in 

class A b-lactamase. Located on helix a4, Asn136 plays its role in the stabilization of W-loop by 

forming hydrogen bonds with the backbone of Glu166 (Figure 6, upright panel). Notice that on the 

one hand, Glu166 is the critical catalytic residue (Figure 2), on the other hand in many cases of class 

A b-lactamases, the backbone linkage between Glu166 and Xaa167 (Thr167 in PenL) is an 

energetically unfavorable non-proline cis-peptide (Figure 4). Asn136 is thus crucial for the proper 

functional orientation of Glu166. The loss of activity of a class A b-lactamase due to the lack of 

asparagine at position 136 (by replacing with an alanine) was previously reported [63]. Thus far, the 

increase in CAZ hydrolysis ability by the substitution of Asn136 into aspartate or lysine in PenL is 

of a particularly interesting question.

Positions Thr171 and Ile173

Likewise Asn136, the two positions 171 and 173 have not been identified as potential mutation 

sites for ESBL induction. These two positions are located on W-loop, which has been mentioned 

frequently in term of ESBLs due to its critical role in both catalysis and substrate recognition. The 

enhancement of the flexibility of W-loop was proved to alter the substrate specificity, therefore, 

trigger the emergence of ESBLs. The tandem repeat on W-loop of PenL as was cited above is one of 

the instances.

Another example is the Pro167Ser substitution, which occurs in CTX-M b-lactamases [64]

and PenI [65]. As was also stated, the linkage between Glu166-Xaa167 is always a cis-peptide, so 

that the presence of proline at position 167 certainly alleviates the movement of W-loop. Hence, the 

replacement of this proline inevitably results in disruption of this stabilization. Another typical 

example is the mutation at Arg164, which constitutes a significant part of the interaction network 
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that stabilizes the W-loop, including Arg164-Asp179-Xaa171 (Figure 4, 7). Arg164, and sometimes 

Asp179, are two hotspots for ESBL induction in TEM and SHV b-lactamases (see more at 

https://www.lahey.org/Studies/), in which the single substitution at one of these two sites breaks 

down the interaction network leading to an increased flexibility of W-loop. As further shown in 

Figure 7, Thr171 in PenL is also hydrogen bonded to Arg164, implying that any single substitution 

at Thr171 which disrupts this interaction may lead to the same outcome.

Nonetheless, the occurrence of PenL ESBL has been acquired by the single deletion of Thr171. 

In fact, deletion of the amino acid is not a common evolutional strategy in living things because it 

may affect the integrity of the protein. In this case, the deletion of Thr171 indeed resulted in the 

shortening of W-loop, raising a question on how this mutation leveled up the CAZ hydrolysis activity 

of the enzyme.

Figure 7. Stabilization network on W-loop of class 

A b-lactamases represented in PenL.

Position Asn136 stabilizes the non-proline cis-peptide 

between Glu166-Thr167. Arg164 and Asp179 

intrinsically play a significant role in maintaining the 

steadiness of W-loop thus far are two hotspots for 

induction of ESBLs in class A b-lactamases.
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A similar question also arises in the case of Ile173.This residue, despite being located on W-

loop, is always exposed to the surface and merely interacts with Asp176 via a backbone atom 

hydrogen bond (Figure 7). Moreover, Ile173 never participates to catalysis or substrate recognition. 

Therefore, the increase in CAZ hydrolysis of PenL-Ile173del is intriguingly and may implicate the 

intimidation of the ESBL emergence that is triggered by single non-catalytic residue mutations.

2.3. Objective

In an attempt to understand the mechanistic basis of CAZ hydrolysis enhancement acquired 

by mutations on the four residues mentioned above, the PenL variants carrying Cys69Tyr, 

Asn136Asp, Thr171del, and Ile173del were overexpressed in E. coli, purified, and then subjected to 

kinetic assay and X-ray crystallography. High-resolution structures of the fours variants, further in 

complex with the ligand, revealed the distinctive features with respect to the wild-type enzyme which

is also correlated to their kinetic parameters. Understandings from this study may contribute to an 

improvement of novel antibiotic design as well as in medical treatment strategy against Burkholderia

pathogens, particularly B. pseudomallei.
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II. MATERIALS AND METHODS



Thinh-Phat Cao Ph.D. Dissertation

Chosun University, Department of Biomedical Science

20

II. MATERIALS AND METHODS

1. Expression and purification

PenL-Cys69Tyr, PenL-Asn136Asp, PenL-Thr171del, and PenL-Ile173del were isolated as 

described previously [14, 56] and subcloned into pET28a(+) expression vector. E. coli BL21 (DE3) 

competent cell strain was used to overexpress all of the constructs. Transformed cells were pre-

inoculated to grow in 5 ml LB media at 37°C, then were transferred into 1.5 litter LB media 

supplemented with 100 mg/ml of kanamycin at 37°C until OD600 reach ~ 0.6, protein overexpression 

were induced by 0.5 mM of isopropyl-β-D thiogalactopyranoside. After additional 16 hour growing 

at 18°C, cells were pelleted by centrifugation (5,000´g at 4°C in 20 min). Cell pellets were 

resuspended in lysis buffer contained 50 mM Tris-HCl, 500 mM NaCl and 10 mM imidazole, pH 

7.5, supplemented with 0.1 mM phenylmethane sulfonyl fluoride, 1 mM dithiothreitol, and Dnase I. 

Resuspension cocktails were disrupted by high intensity sonication at 4°C, then the insoluble 

fractions were separated using high speed centrifugation (20,000´g at 4°C in 30 min). The soluble 

fractions, which contained the desired proteins with N-term 6´His-tag were loaded onto Ni-agarose 

columns. Impure proteins were washed out with excess amount of buffer contained 50 mM Tris-HCl, 

500 mM NaCl, and 20 mM imidazole, pH 7.5. Desired proteins were eluted using buffer comprised 

of 50 mM Tris-HCl, 500 mM NaCl, and 250 mM imidazole, pH 7.5. To remove the N-term 6´His-

tag, eluents were firstly exchanged to buffer contained 20 mM Tris-HCl, 150 mM NaCl, and 2 mM 

CaCl2, pH 7.5 to eliminate the imidazole that inhibits the thrombin activity. 10 U of human 

a-thrombin (HTI, USA) was then treated per 1 mg/ml protein in the presence of 2 mM CaCl2 as a 

cofactor. Proteins were then further purified using size-exclusion chromatography employed HiLoad 

16/60 Superdex 200 pg column (GE Healthcare, USA) with buffer consisted of 20 mM Tris-HCl, 



Thinh-Phat Cao Ph.D. Dissertation

Chosun University, Department of Biomedical Science

21

and 50 mM NaCl, pH 7.5. Purity of protein was examined using 12% SDS-polyacrylamide gel 

electrophoresis and visualized by Coomassive brilliant blue G250 (Sigma). The final purified protein 

supplemented with 20% glycerol can be stored for long-term usage up to six month at -80°C.

2. Crystallization and structure determination

The purified PenL ESBL variants were concentrated to 10 mg/ml using 10,000 Da cut-off 

Vivaspin® centrifugal concentrator (Sartorius). Crystallization was carried out using hanging drop 

vapor diffusion method by mixing 1.2 ml protein sample with 1.2 ml reservoir solution. Initial 

screenings were set up using commercial crystallization kits from Hampton (USA) including Index 

1-96, SaltxRx 1-2, PEGRx 1-2, PEG/Ion 1-2, Crystal Screens 1-2, Crystal Screen Lite, and Rigaku 

(Japan) including Wizards I-II-III-IV. Crystallization condition for all PenL ESBL variant crystals 

are shown in Table 2. Because the quality of the crystals is sufficient to further X-ray diffraction 

experiment, the crystallization conditions were slightly modified by adding glycerol to assist the 

sustainability.

Suitable crystals were transferred to the cryo-solutions which is comprised of their growing 

solution supplemented with 15 – 20% glycerol for 30 s, and then flash-frozen by immersing in liquid 

nitrogen. In order to determine the complex structure of PenL-Cys69Tyr and PenL-Asn136Asp with 

ceftazidime-like glycylboronate (CBA), the cryo-solutions were supplemented with 2 mM of CBA, 

followed by the soaking crystals overnight at 4°C before flash-freezing. All crystals were diffracted 

at max ~1.2 Å resolution. X-ray diffraction and data collection were performed at Pohang Light 

Source (PLS) beamline 5C (Pohang, South Korea) using ADSC Q315r CCD detectors. Collected 

data were proceeded to index, integrate, and scale using HKL2000 (HKL Research Inc.). Structure 

of four PenL ESBL variants were determined by molecular replacement method using MolRep [66]

and structure of PenL-WT (PDB code 5GL9 [41]) as reference model. The refinement was carried 
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out by Refmac5 [67] and phenix.refine [68, 69] in which the anisotropic temperature factors was 

engaged. To prevent the over-refinement at the final round, the highest level of strategy was applied, 

including individual B-factors, groups B-factors, translation-libration-srew (TLS) rotation 

parameters, occupancies, NCS restraint, secondary structure restraint, X-ray/stereochemistry weight 

optimization. The coordination and restraint of CBA was generated by eLBOW [70], then manually 

fitted to Fo-Fc map employing Coot [71]. Quality of models was validated by MolProbity [72] and 

wwPDB Validation Service (https://validate.wwpdb.org.). All the criteria should be in acceptable 

range, including R-factors, Ramachandran plot, rotamer outliers, bond length, bond angle, bad 

clashes, C-beta outliers, etc.  Details of data diffraction and structural refinement were shown in 

Tables 3, 4.

3. Kinetic parameters determination

Because of its poor spectroscopic property, ceftazidime (CAZ) can only be measured at 

maximal concentration of ~120 mM. Therefore, appropriate amount of purified enzymes is mixed 

with various concentration of CAZ from 10 to 100 mM in reaction buffer comprised of 50 mM

potassium phosphate pH 7.0 supplemented with 20 mg/ml of bovine serum albumin. The absorbance 

at 260 nm is immediately monitored with 0.1 s intervals. The temperature was kept at 25°C using 

thermostats cuvette holder. The initial velocity of PenL-WT, PenL-Thr171del and PenL-Ile173del is 

measured as common procedure. In case of biphasic reaction of PenL-Cys69Tyr and PenL-

Asn136Asp, the velocity at first 10 seconds of each phase (initial phase and final phase) is obtained. 

Those velocities (v) are then fit to Michealis-Menten equation:

� =	
����[�]

�� +	[�]
									(1)
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Where ���� is maximal reaction rate, KM is Michaelis constant, and [S] is substrate 

concentration. The first-order persistence of reaction by PenL-WT prevents the calculation of ��

and ���� individually, however, the catalytic efficiency can be estimated by conventional linear 

fitting in which the slope of regression curve is ���� ��⁄ . 

Linear fitting can be done using MS Excel or Scipy [73] module stats.linregress. Non-linear 

fitting was carried out using in-house Python scripts with the power of SciPy [73] library for 

parameter estimation, and Matplotlib [74] module for data visualization. The script code is written 

as follows:

# Python script code for enzyme kinetic data fitting
# Prerequisite: Numpy and SciPy libraries

# import Numpy and scipy.optimize modules
import numpy as np
from scipy import optimize

### Non-linear fitting:
# define a class to fit data into Michaelis-Menten equation
class Michaelis_Menten_fit():
    ''' Fit data into Michaelis-Menten equation,
    x -- substrate concentration
    y -- initial velocity in uM/s, or specific activity in uM/mg/s
   x and y can be list of float, Numpy array or pandas Series '''
    
    def __init__(self, x, y):
        self.substrate = x
        self.activity = y
        
    def get_params(self):
        ''' Obtain Vmax and kM, and their standard deviations, and residual sum of square '''
        x = self.substrate
        y = self.activity
        
        def MM_model(s, Vmax, kM):
            ''' Define Michaelis-Menten model '''
            return Vmax*s/(kM + s)
        # Fit data using scipy.optimize.curve_fit,
        # popt array contains Vmax and kM:
        popt, pcov = optimize.curve_fit(MM_model, x, y)
        Vmax = popt[0]
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        kM = popt[1]
        
        # Compute standard deviation from covariance array pcov:
        perr = np.sqrt(np.diag(pcov))
        Vmax_std = perr[0]
        kM_std = perr[1]
        return Vmax, Vmax_std, kM, kM_std
    
    def get_Rsqrt(self):
        ''' Compute R-squared of regression curve '''
        x = self.substrate
        y = self.activity
        # first extract parameters:
        Vmax, Vmax_std, kM, kM_std = self.get_params()
        # compute residual sum of square (ss_res):
        residuals = y - Vmax*x/(kM + x)
        ss_res = np.sum(residuals**2)
        # compute total sum of square (ss_tot):
        ss_tot = np.sum((y - np.mean(y))**2)
        # Obtain R-squared value:
        Rsqrt = 1 - ss_res/ss_tot
        return Rsqrt
    
    def get_fitting_curve(self):
        ''' Smooth data to plot '''
        x = self.substrate
        y = self.activity
        # first extract parameters:
        Vmax, Vmax_std, kM, kM_std = self.get_params()
        x_smoothed = np.linspace(0, x.max()+x.min(), 200)
        y_smoothed = Vmax*x_smoothed / (kM + x_smoothed)
        return x_smoothed, y_smoothed
        
    def get_efficient(self, molar_conc):
        ''' Compute turnover number kcat, and kcat/kM ratio
        molar_conc -- molar concentration of enzyme in uM, 
        only when velocity == specific activity'''
        Vmax, Vmax_std, kM, kM_std = self.get_params()
        m = molar_conc 
        kcat = Vmax*1000 / m  #  1/s, Vmax = umol/s/mg --> uM/s/mg
        kcat_per_kM = kcat / kM
        return kcat, kcat_per_kM
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4. Circular dichroism spectra assay

Circular dichroism (CD) spectra in far-UV region (190 – 250 nm) were monitored using Jasco 

J-1500 spectropolarimeter. Measurements were run at 25°C using Peltier temperature control cuvette 

holder. Because the chloride ion absorbs the UV around the wavelength 195 nm thus interferes the 

expected CD signals, the proteins were firstly exchanged to buffer containing 20 mM Tris-H2SO4

and 50 mM NaF, pH 7.5. Afterward, 10 mM of protein was transferred to 100 mm path-length cuvette. 

The first baseline was determined using the same buffer. The baseline for CBA was firstly corrected 

with the first baseline, then was in turn used for protein-ligand experiment subtraction. Triplicate 

scanning was applied for each data set with 0.1 nm intervals and 1 mm bandwidth then averaged. For 

protein-ligand experiments, 25 mM of CBA was added to protein sample and incubated for 1 hour at 

room temperature. 

5. Molecular dynamics simulation 

PenL-WT, PenL-Cys69Tyr, and PenL-Asn136Asp were subjected to all-atom molecular 

dynamics (MD) simulations in explicit solvent using Gromacs 5.0.7 suite [75] and Gromos96-43a1 

force field [76]. Coordinate of PenL-WT can be obtained from RCSB Protein Data Bank by fetching 

the ID 5GL9 [41]. Molecules were immersed in a cubic TIP3P water box [77]. Systems were 

neutralized by adding suitable amount of counterions Na+ and Cl- and maintained an ionic strength 

of 0.10. Particle Mesh Ewald method [78] was used to determine the electrostatic interaction of 

systems, with real space and van der Waals distance cut-off of 10 Å. LINCS Linear Constraint solver 

was used to constrain all bond lengths [79]. Time step was set at 2 fs. After energy minimization by 

500-step steepest descent calculation, systems were heated to 300 K, then equilibrated in NPT 

ensemble with periodic boundary condition. Temperature and pressure were maintained constant 

using Velocity-rescale and Parrinello-Rahman algorithms [80, 81], respectively. Finally, data 
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collections were carried out in the same equilibration condition over 50 ns, with 100 frame intervals. 

MD trajectory analysis was performed packages. 

6. Electrostatic potential calculation

Electrostatic distribution on surface of proteins was calculated employing Adaptive Poisson-

Boltzmann Solver, or APBS [82]. The APBS plugin is available with PyMOL incentive version 2.0. 

The protein models in *.pdb format were prepared using PDB2PQR [83] which adds hydrogens and 

missing side chain atoms, assigns partial charges and radii, as the first required step. The 

electrostatics were calculated in the default ionic strength condition (0.15) at 300 K with AMBER 

force field. The pH condition for all calculation was firmly fixed at 7.0 in which the pKa values of 

particles were computed using Propka [84]. The specific command for the APBS calculation 

performed in PyMOL APBS plugin is as follow:

--with-ph=7 --ph-calc-method=propka --ff=AMBER --chain

Electrostatic potential is expressed in the unit of kbT/ec, or kT/e in short, where kb (or k) is 

Boltzmann constant (1.3806504 × 10−23 J K-1), T is temperature in calculation (300 K), and ec (or e) 

is the charge of an electron (1.60217646 × 10-19 C). Electrostatic potential for all the computed 

proteins in this thesis is color coded from -3000 kT/e (red) to zero (white) to 3000 kT/e (blue), and 

visualized in PyMOL.
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III. RESULTS AND DISCUSSION
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III. RESULTS AND DISCUSSION

1. Purification and X-ray crystallography

1.1. Purification

The DNA constructs encoding for PenL-WT and four ESBL variants Cys69Tyr, Asn136Asp, 

Thr171del, and Ile173del do not contain the N-terminal signal peptide which may target the enzyme

to the outer membrane association [85]. Instead, the N-terminus of the enzyme was fused with 6´His-

tag that assists the purification by Ni-affinity method. After eluting from the Ni-agarose column, the 

purity of the fusion proteins attained approximately ³95% (Figure 8A). The 6´His-tag was then 

successfully eliminated by thrombin treatment, leaving the intact proteins with a decent sustainability 

for further experiments (Figure 8B). The purity of the intact proteins were then polished employing 

size-exclusion chromatography (SEC) (Figure 9).

Figure 8. Purification of four PenL ESBL variants

(A) Representative Ni-affinity purification of PenL-Cys69Tyr (the other variants and wild-type are the 

same). (B) His-tag removal of target proteins by thrombin.
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The retention volume in SEC result demonstrates a slightly lower molecular weight of PenL-

Thr171del and PenL-Ile173del (Figure 9). This discrimination ought to the deletion of the single 

amino acid rather than the difference in the oligomeric state, because deviations displayed in the UV 

spectra do not indicate the sufficient change in molecular weight as a factor of two or greater.

Figure 9. Size-exclusion chromatography of four PenL ESBL variants.

1.2. X-ray crystallography

After four days to two weeks, the initial crystals of four PenL ESBL variants grew in 

conditions listed in Table 2. All crystals appeared to be in sufficient quality (Figure 10) so that the 

X-ray diffraction experiment was proceeded straightforwardly, with a minor additional

customization (using glycerol) in their growing condition for further quality maintenance (Table 2). 

The diffraction patterns exhibited an excellent resolution range reaching roughly 1.2 Å (Figure 10), 
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the atomic-resolution according to Sheldrick criterion[86]. However, after processing with several 

reasonable cut-off criteria, the maximal resolution marginally reduced to ~1.3 Å. Because the PenL-

WT structure was solved before (PDB ID: 5GL9 [41]), it was subjected as reference model to 

determine the structures of four PenL ESBL variants employing molecular replacement routine. The 

successful solutions were then immediately refined by maximum likelihood method [67] so that 

appropriate R-factor values achieving the acceptable criteria (<30 %) were produced. The excellently

smooth 2Fo-Fc map was shown while unambiguous Fo-Fc map strongly indicated the presence of 

ligand (Figure 11). Further model fitting and refinements resulted in good final criteria including R-

factors, Ramachandran plots, and allowed range of outliers, as shown in Table 3, 4.

Table 2. Crystallization condition for PenL ESBL variants

Variant Buffer Precipitant 1 Precipitant 2 Additive Temperature

Cys69Tyr 0.2 M sodium 
acetate 
trihydrate

20% (w/v) 
polyethylene 
glycol 3350

4°C

Asn136Asp 0.1 M sodium 
acetate pH 5.0

0.2 M sodium 
chloride

25% (w/v) 
polyethylene 
glycol 3350

20°C

Thr171del 0.1 M potassium 
thiocyanate

30% (w/v) 
polyethylene 
glycol 
monomethyl 
ether 2000

7.5% 
glycerol

20°C

Ileu173del 0.1 M potassium 
thiocyanate

30% (w/v) 
polyethylene 
glycol 
monomethyl 
ether 2000

2.5% 
glycerol

20°C
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Figure 11. Phasing snapshot for structure determination.

The representative snapshot was obtained right after the molecular replacement and maximum 

likelihood refinement had been brought about for PenL-Cys69Tyr soaked with ligand. 2Fo-Fc map is 

depicted with grey meshes. The Fo-Fc map (green for positive and red for negative) indicates the 

presence of ligand that covalently bound to the reactive Ser70.
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Table 3. Data statistics summary for X-ray crystallography of PenL-Cys69Tyr and PenL-

Asn136Asp

PenL-Cys69Tyr PenL-Cys69Tyr 
CBA-bound

PenL-Asn136Asp PenL-Asn136Asp 
CBA-bound

PDB ID 6AFM 6AFN 6AFO 6AFP

Data collection

Beam line PAL-5C PAL-5C PAL-5C PAL-5C

Wavelength (Å) 0.97951 0.97954 0.97954 0.97857

Resolution (Å) 50 – 1.3 (1.32 – 1.3) 50 – 1.4 (1.42 – 1.40) 50 – 1.4 (1.42 – 1.40) 50 – 1.4 (1.42 – 1.40)

Space group P212121 P212121 P21 P21

Unit cell dimension

a, b, c (Å) 38.48, 52.98, 122.73 38.66, 53.24, 122.98 34.99, 92.72, 68.88 34.88, 92.39, 68.84

α, β, g (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 92.7, 90.0 90.0, 94.3, 90.0

Total reflections 413760 618880 618880 516034

Unique reflections 62299 (3048) 50752 (2479) 86131 (4254) 84356 (4189)

Rmerge† (%) 5.3 (9.8) 7.8 (25.6) 8.0 (27.1) 8.9 (28.7)

Completeness (%) 99.3 (98.4) 99.6 (99.4) 99.0 (100.0) 98.6 (99.2)

Redundancy 6.6 (6.5) 12.2 (12.1) 7.5 (7.4) 6.1 (6.0)

Average I/σ (I) 49.47 (25.74) 43.78 (18.49) 40.23 (10.44) 36.43 (7.33)

Matthews coefficient 
(Å3Da-1)

2.18 2.21 1.95 1.93

Solvent (%) 43.68 44.33 37.0 36.45

Refinement

Rwork / Rfree (%) 15.00/16.77 14.74/16.88 14.86/17.35 14.87/17.53

Protein residues 268 268 535 536

Waters 484 371 755 629

*CBA - 1 - 2

RMSD

Bond angles (°) 0.83 1.30 1.64 1.90

Bond lengths (Å) 0.005 0.012 0.015 0.020

Average B factors (Å2) 11.92 17.18 13.18 16.17

Ramachandran plot

  Favored (%) 97.37 97.74 97.18 98.31

Outliers (%) 0.00 0.00 0.19 0.00

Values in parentheses correspond to highest resolution shell.
†R-merge=Σhkl Σi |Ii(hkl)-<I(hkl)>|/ Σhkl Σi Ii(hkl), where Ii(hkl) is the observed intensity and <I(hkl)> is the average intensity of 
symmetry-related observations.
*CBA: ceftazidime-like glycylboronic acid
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Table 4. Data statistics summary for X-ray crystallography of PenL-Thr171del and PenL-

Ile73del

PenL-Thr171del PenL-Thr171del
CBA-bound

PenL-Ile173del

PDB ID

Data collection

Beam line PAL-5C PAL-5C PAL-5C

Wavelength (Å) 0.97934 0.97933 0.97934

Resolution (Å) 50 – 1.5 (1.53 – 1.50) 50 – 1.6 (1.58 – 1.55) 50 – 1.4 (1.39 – 1.37)

Space group P212121 P21 P21

Unit cell dimension

a, b, c (Å) 69.25, 97.06, 34.14 34.89, 92.19, 68.76 34.72, 92.16, 69.07

α, β, g (°) 90.0, 90.0, 90.0 90.0, 93.2, 90.0 90.0, 92.7, 90.0

Total reflections 371295 466642 664083

Unique reflections 37677 (1843) 62902 (3158) 90940 (4502)

Rmerge† (%) 6.8 (51.2) 7.1 (66.5) 6.7 (48.6)

Completeness (%) 99.7 (99.6) 99.9 (100) 99.7 (100.0)

Redundancy 9.9 (9.8) 7.4 (7.2) 7.4 (7.3)

Average I/σ (I) 39.32 (5.59) 27.94 (2.71) 30.56 (4.36)

Matthews coefficient 
(Å3Da-1)

1.75 1.75 1.75

Solvent (%) 29.86 29.86 29.86

Refinement

Rwork / Rfree (%) 16.57/19.27 16.01/19.17 15.24/16.88

Protein residues 267 534 534

Waters 261 562 594

*CBA - 2 -

RMSD

Bond angles (°) 1.20 1.42 1.30

Bond lengths (Å) 0.012 0.013 0.012

Average B factors (Å2) 17.50 18.92 18.40

Ramachandran plot

  Favored (%) 96.98 97.73 97.55

Outliers (%) 0.00 0.00 0.00

Values in parentheses correspond to highest resolution shell.
†R-merge=Σhkl Σi |Ii(hkl)-<I(hkl)>|/ Σhkl Σi Ii(hkl), where Ii(hkl) is the observed intensity and <I(hkl)> is the average intensity of 
symmetry-related observations.
*CBA: ceftazidime-like glycylboronic acid
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2. Kinetics study 

2.1. Kinetics property of PenL-WT

Due to the poor spectroscopic property of CAZ, the reaction rate of PenL-WT (and of four 

variants) with CAZ concentration greater than 100 mM cannot be monitored. The enzyme was thus 

adjusted with a suitable amount, and the reaction rate was examined with CAZ concentration ranging 

from 10 to 100 mM. The CAZ hydrolysis reaction catalyzed by PenL-WT took place in a typical 

exponential decay pattern (Figure 12A) and thus far had remained in first-order state (Figure 12D), 

which restricted the calculation of KM and kcat individually. 

Table 5. Kinetic parameters for CAZ hydrolysis by PenL-WT and four ESBL 

variants

Variant KM (mM) kcat (s-1) kcat / KM (mM-1·s-1)

PenL-WT nm nm 0.0027 (*)

PenL-Cys69Tyr

(Initial phase)
14.140 ± 0.975 0.169 ± 0.003 0.0120

PenL-Cys69Tyr

(Final phase)
4.528 ± 0.182 0.036 ± 0.000 0.0080

PenL-Asn136Asp

(Initial phase)
10.457 ± 0.537 0.181 ± 0.002 0.0173

PenL-Asn136Asp

(Final phase)
2.165 ± 0.011 0.041 ± 0.000 0.0189

PenL-Thr171del 16.118 ± 0.514 0.800 ± 0.007 0.0496

PenL-Ile173del 52.074 ± 4.390 1.987 ± 0.077 0.0382

nm: not measurable

(*) estimated from linear regression
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Figure 12. Kinetic study on CAZ hydrolysis of PenL-WT and four ESBL variants.

(A), (B) and (C) CAZ hydrolysis reaction of PenL-WT and four ESBL variant as a function of time (s). 

(B) PenL-Cys69Tyr and PenL-Asn136Asp catalyzed the reaction in a biphasic manner. (D) The CAZ 

hydrolysis reaction by PenL-WT maintained in the first-order state in the measurable range of CAZ 

concentration. (E) and (F) Fitting the initial velocity of four PenL ESBL variants into Michaelis-Menten 

equation. (C) Chemical structures of ceftazidime (CAZ), ceftazidime-like glycyl boronic acid (CBA), 

and aztreonam (AZT). Two negative charged groups of CAZ are marked with red dotted rectangles. 

The hydroxyl group –OH1 in CBA corresponds to the b-lactam carbonyl group of CAZ (marked with 

# sign). The acetamido hydroxyl groups of CAZ and CBA are marked with * sign).
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This result indicates that the KM and kcat for PenL-WT should be high, with the catalytic 

efficiency kcat/KM estimated from the slope of the regression curve is of ~0.0027 mM-1·s-1 (Table 5). 

Therefore the CAZ affinity of PenL-WT is very low, and the CAZ hydrolysis reaction rate strongly 

relies on substrate concentration, which is not an advantage for the bacteria in reality.

2.2. Biphasic kinetics of PenL-Cys69Tyr and PenL-Asn136Asp 

The CAZ hydrolysis catalyzed by PenL-Cys69Tyr and PenL-Asn136Asp interestingly took

place in a biphasic separating rapid (first phase) and slower (second phase) (Figure 12B). However, 

reaction rate at both initial and final phases of CAZ hydrolysis reaction by two PenL variants reached

maximal regardless of substrate concentration (Figure 12E). As a result, the KM for two PenL variants 

reduced in both phases, in comparison with PenL-WT (Table 5), indicating the augmentation of CAZ 

affinity in the active site of the substitution variants Cys69Tyr and Asn136Asp. Furthermore, the 

catalytic efficiency kcat/KM of two PenL substitution variants also increased in comparison with PenL-

WT, ranging from ~2.9 to ~7.0 folds, respectively (Table 5). Remarkably, the slight decrease in KM

in the final phase in respect to initial phase was compensated by the decrease in kcat (Table 5), 

resulting in the relatively comparable catalytic efficiency between two phases.

2.3. Kinetics of PenL-Thr171del and PenL-Ile173del

Unlike the two substitution mutations, the two deletion mutations PenL-Thr171del and PenL-

Ile173del catalyzed the CAZ hydrolysis with the usual monophasic manner (Figure 12C), which 

allowed the estimation of kcat and KM (Figure 12F). However, the kcat and KM of PenL-Thr171del and 

PenL-Ile173del were substantially decreased in comparison with the wild-type enzyme, resulting in 

higher kcat/KM values than that in PenL-WT, approximately ~18.4 and ~14.1, respectively (Table 5). 

The data indicate that the two PenL deletion mutations are more beneficial than the wild-type enzyme 

in term of CAZ resistance of B. thailandensis, which consistent to the high MIC values shown in 
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Figure 5. On the other hand, PenL-Thr171del has lower kcat and KM than those of PenL-Ile173del, 

yet their kcat/KM values are comparable (Table 5).

2.4. Implication from the distinctions of kinetic property of four PenL ESBL 

variants

In common, the b-lactam hydrolysis by b-lactamase is accepted to take place in three steps as 

in Scheme 1 below:

Scheme 1: Principle for b-lactam hydrolysis by b-lactamase

As previously stated and demonstrated in Figure 2 (Introduction), the hydrolysis of b-lactam 

backbone is conserved in all b-lactamases. The increase in hydrolysis activity toward different types 

of substrate (penicillin-, cephalosporin-, or carbapenem-type) is thus accomplished by the variations 

that influence the first step, binding of the substrate. Meanwhile, modifications in substrate 

recognition ensemble of the enzyme would lead the alteration in the substrate specificity. In this 

regard, the changes in kinetic property, primarily the decrease in KM, in the four PenL ESBL variants

indicate that the four single mutations prompted the alternative substrate recognition mode for the 

enzyme. This aspect is attractive because those single mutations occurred at non-catalytic and non-

substrate-binding residues. To unveil the mechanism for such alterations, the structural study has 

been carried out and discussed in subsequent sections. 
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3. Structural study

3.1. Circular dichroism (CD) spectra analysis

Because the catalytic activity of an enzyme is firmly correlated with its conformational 

integrity [87], the distinction in kinetic property of four PenL variants suggests that the mutations 

may trigger specific changes in conformation of the enzyme that leads to alter the substrate 

recognition. Even further, the prior study on the homologous PenI-Cys69Phe also proposed that the 

variant might exist in two different conformations, one of which exhibited the rapid CAZ hydrolysis 

reaction rate[88]. It is tempting to expect that the PenL-Cys69Tyr, and PenL-Asn136Asp as well, 

may resemble such characteristic because these two substitution variants also exhibit biphasic 

kinetics as seen in PenI-Cys69Phe [88]. Therefore, to examine the conformational changing of the 

four PenL variants comparing to PenL-WT in solution (at 25°C), the circular dichroism (CD) spectra 

analysis was carried out. To our surprise, the spectra of apo-form of the all four PenL variants were

similar to that of PenL-WT (Figure 13), suggesting that the apo-form of the four PenL ESBL variants 

likely exists in a same conformation with the wild-type enzyme. However, in the presence of CBA, 

the spectra of the fours PenL ESBL variants appeared to deviate in both a (~208 and 220 nm) and b

(~198 nm) contents, while the spectrum of PenL-WT was likely to be due to the experimental error 

(Figure 13A). Noted that the concentration of CBA mixed in reaction (25 mM) reaches KM value of 

the four PenL ESBL variants toward CAZ (Table 5), indicating that the deviation between the 

spectrum of four PenL variants with and without CBA was reliable. Nonetheless, such CBA 

concentration may be considerably less than KM value of PenL-WT, for which the deviation could 

not be detected. This experimental limitation is unable to overcome under the permissive condition, 

but it indicates the dependency of substrate amount on the catalytic activity of PenL-WT, as analyzed 

in previous section.
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In overall, the CD spectra results implicate that the alternative conformation of the four PenL 

ESBL variants would be induced upon substrate binding, which supports to the hypothesis that those

variants may recognize the CAZ with a different mode other than that of the wild-type enzyme. 

Figure 13. CD spectra analysis of PenL-WT and four PenL ESBL variants.

3.2. The overall structure of four PenL ESBL variants, Cys69Tyr, 

Asn136Asp, Thr171del, and Ile173del

The global structures of four PenL ESBL variants, Cys69Tyr, Asn136Asp, Thr171del, and 

Ile173del, are almost identical with that of the wild-type enzyme, with root mean squared deviation 

(RMSD) at Ca atom is of 0.221 Å, 0.186 Å, 0.227 Å, and 0.252 Å, respectively, comparing to PenL-

WT (PDB ID: 5GL9 [41]). In particular, the configuration of the catalytic ensemble that involved in 

b-lactam backbone hydrolysis in four PenL ESBL variants is well conserved (Figure 14), except for 

the Asn170 in case of two PenL deletion mutants that flips away from the coordination with Glu166 

and catalytic water (W4) (Figure 14C, 14E, 14F). The role of Asn170 in PenL-171del and PenL-

Ile173del will be discussed further in the sequel. The strict identity in the configuration of the 
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catalytic ensemble in two PenL ESBL variants, in respect to PenL-WT, once again asserts that the 

single mutations do not likely affect the ground state of the active site that involved in basic b-lactam 

hydrolysis. In other words, four PenL ESBL variants catalyze the same processes of acylation and 

deacylation (Scheme 1, the last two steps) as in PenL-WT and common class A b-lactamases. 

Therefore, the increased CAZ hydrolysis capacity of the four PenL variants in comparison with 

PenL-WT must be rooted by the alteration in CAZ recognition and binding (Scheme 1, the first step). 

This deduction is consistent with the increase in CAZ affinity of two PenL ESBL variants which was 

described in the previous section.
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Figure 14. Essential catalytic ensemble of PenL-WT and four ESBL variants

The configuration of the catalytic ensemble is strictly conserved among class A b-lactamases. The 

catalytic water, W4, coordinates to Glu166 and Asn170 and participates to both acylation and 

deacylation steps.
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3.3. Structural analysis of PenL-Thr171del and PenLIle173del 

Despite sharing the most structural identity, the W-loop of the PenL-Thr171del and PenL-

Ile173del is shorter than that in wild-type enzyme due to the depletion of one amino acid. 

Consequently, the C-terminal part of W-loop in the two variants is shifted 3.5 Å when superimposing 

to PenL-WT (Figure 15A). Although the conformation of W-loop backbone in the two variants 

appears to be similar, the configuration of their side chains shows some distinctions as follow. In 

PenL-Thr171del, the residue Ala172 moved up 0.9 Å yet was still in the same position (Figure 15B), 

whereas in PenL-Ile173del, Ala172 moved down to occupy the inherent location of the deleted Ile173 

(Figure 15C). As a consequence, the residue Thr173 in PenL-Ile171del rotated 180° to occupy the 

vacated location of Ala172 (Figure 15C). In both cases, the movement of Ala172 (in PenL-Thr171del) 

and the occupation of Thr171 (in PenL-Ile173del) created a steric hindrance to push the strand b3 

0.6 Å far away from its original position. As a result, the active site cleft at this region of the two 

variants was expanded ~3.5-4.1 Å. The expansion in this region may leave more space for large-size 

of antibiotics like CAZ. 

The movement of W-loop in two deletion mutations also led to changes in its internal

stabilization network. In particular, once changing its conformation, Asn170 faced to the interior of 

W-loop and formed a new interaction network, replacing the role of Arg164 of which the side chain 

swung (Figure 16B, 16C) out of the original position seen in PenL-WT (Figure 16A). The new 

interaction network probably helps maintains the rigidity of W-loop. Hence, up until this point, the 

W-loop of two PenL deletion variants is likely to not be as flexible as the other ESBL cases in class 

A b-lactamase of which the enhancement in flexibility of W-loop was evidently correlated to the 

increase in third-generation cephalosporins affinity [89, 90]. The arguments for this aspect is 

discussed further in sequel.
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Figure 15. Distinction in W-loop of PenL-Thr171del and PenL-Ile173del

(A) Superposition of PenL-Thr171del (sky-blue) and PenL-Ile173del (red) with PenL-WT (green). (B) 

and (C) Effect of deletion mutations on coordination of residues on W-loop of PenL-Thr171del (B) and 

PenL-Ile173del (C).

Figure 16. Stabilization network in W-loop of PenL-Thr171del and PenL-Ile173del 
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It should be recalled that the W-loop contains two important catalytic residues, Glu166 and 

Asn170, which both coordinate to the catalytic water (W4). In PenL-Thr171del and PenL-Ile173del, 

the Glu166 is still stabilized by Asn136 so that the N-terminal part of W-loop still maintains the 

inherent conformation (Figure 14, 16A). However, because the conformation of the C-terminal part 

of W-loop was changed as described previously, the residue Asn170 no longer coordinates to Glu166 

and water W4 (Figure 14, 17A). The observation raises a question on the role of Asn170 in PenL. 

Obviously, Asn170 also interacts with Glu166, suggesting that Asn170 might be involved in the 

perturbation of Glu166 pKa. The absence of Asn170 coordination slightly affect the pKa of Glu166 

in PenL-Thr171del (5.33) and in PenL-Ile173del (4.74), while pKa of PenL-WT Glu166 is of 5.08, 

as was calculated by Propka [84]. Notice that pKa of Glu166 may also be affected by coordination 

with waters around (Figure 14). Because both PenL-Thr171del and PenL-Ile173del have the higher 

catalytic efficiency to CAZ hydrolysis than PenL-WT, these observations suggest that Asn170 is 

probably not important for the catalysis in the two deletion variants. Another possibility is that the 

absence of Asn170 coordination might assist to increase the CAZ hydrolysis activity by changing 

the reaction into an alternative manner. These deductions might be reasonable because previous 

studies also discussed that the depletion of Asn170 side chain could lead to alteration of product form 

(Asn170Gly) [91] or the activity would rely on substrate assistance (Asn170Leu) [92]. Nonetheless, 

in our permissive condition, we were unable to determine the product formation in the CAZ 

hydrolysis reaction by the two PenL deletion variants. 

To further understand the mechanism for CAZ hydrolysis of the two variants, their ligand-

bound complex structures are required. Unfortunately, we could not obtain the CBA bound-form of 

PenL-Ile173del, yet that of PenL-Thr171del was solved at 1.5 Å resolution (Table 4). Surprisingly, 

in one of two CBA-bound conformations, the W-loop of PenL-Thr171del dramatically moved back 

to the inherent position, recovered the original conformation so that Asn170 coordinates to the 
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catalytic water W4 and Glu166 yet broke down the peptide backbone of Asn170-Ala172 (Figure 

17D). Since the CBA molecule was in acylation-form, the frozen state portrayed in Figure 17D was 

likely to be in the stage just before the deacylation process took place. The same phenomenon was 

observed previously in case of tandem repeat mutations on W-loop [41]. Of the interesting distinct, 

in tandem repeat mutations which duplicated or triplicated the length of W-loop, the flexible W-loop 

was relaxed so that Asn170 moved far away or even disordered from the crystal structure, then 

recovered its proper coordination upon CBA binding. However, the flexibility of W-loop in PenL-

Thr171del and PenL-Ile173del stemmed from the deletion of single amino acid, which also rooted 

the disruption of the peptide backbone in this region. To this observation, the W-loop of PenL-

Thr171del likely to be more flexible than in PenL-WT, in contrast to the prior deduction from apo-

form which supposed its rigidity. In another aspect, the movement of W-loop also slightly altered the 

electrostatic potential around the typical oxyanion hole of PenL-Thr171del and PenL-Ile173del into 

positive (Figure 17A, 17C, 18C), in comparison to PenL-WT (Figure 18A). This effect explains for 

the higher CAZ affinity of these two variants in respect to the wild-type enzyme (Table 5).

In the meantime, the deletion Ile173del generated a different outcome in term of electrostatics 

in comparison with Thr171del. The widen space created by the movement of W-loop in PenL-

Ile173del became extremely positive (Figure 18C, LEFT). This effect resulted in an obvious bi-

regional active site cleft of PenL-Ile173del, wherein, two opposite charge areas situated adjacently 

(Figure 18C). Notwithstanding the complex structure for PenL-Ile173del was unable to obtain, we 

overlap the CBA-bound complex structure of PenL-Thr171del with apo-form of PenL-Ile173del in 

order to predict the binding mode of ligand in PenL-Ile173del. As our expectation, the positively 

charged area around the typical oxyanion hole of PenL-Ile173del might certainly appeal the 

oxyimino group, while the negatively charged area might attract the amino-thiazol group of CBA, as 

illustrated in Figure 18E.
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Figure 17. Different conformations of W-loop in PenL-Thr171del upon ligand binding

(A) Configuration of W-loop and Asn170 in PenL-Thr171del apo-form. (B) Configuration of W-loop 

and Asn170 in PenL-Thr171del upon CBA binding.
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Figure 18. Electrostatic property in active site cleft of PenL-WT and PenL-Ile173del

(A) and (B) Electrostatic distribution and configuration in active site cleft of PenL-WT. (C) and (D) 

Electrostatic distribution and configuration in active site cleft of PenL-Ile173del. (E) and (F) 

Overlapping the CBA-bound complex structure of PenL-Thr171del with apo-form of PenL-Ile173del.
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As described so far, the increase in CAZ hydrolysis ability of two PenL deletion variants is 

majorly rooted by the flexibility of W-loop. To further verify how these deletion mutations, which 

shortened the length yet increased the flexibility of W-loop, the dynamic motions of the two variants, 

PenL-Thr171del and PenL-Ile173del, were modeled employing Ensemble Refinement tool [93]. As 

expected, the W-loop of the two PenL variants was strongly flexible, in contrast to the sustainable W-

loop in PenL-WT (Figure 19).

Figure 19. Modelling dynamic motion of the deletion variants by Ensemble Refinement

Notice that the entire W-loop in PenL-Thr171del was more drastically fluctuated, whereas the 

C-terminal of W-loop in PenL-Ile173del was steady. This result may explain for the higher CAZ 

affinity of PenL-Thr171del than PenL-Ile173del (Table 5) because substrate binding space in PenL-

Thr171del is more widened upon the motion of W-loop.

In another notable aspect, the strand b3 in the two PenL deletion variants appeared to spread 

with a larger amplitude than that in PenL-WT (Figure 19). This outcome may be accounted by the 

steric hindrance caused by the drastic movement of W-loop, likewise the effects that were described 
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in case of PenL-Asn136Asp. As discussed in the case of two substitution variants PenL-Cys69Tyr 

and PenL-Asn136Asp, the flexibility of the strand b3 strongly contributes to the substrate spectrum 

extension of the enzyme. In case of the two deletion mutations, the fluctuation of W-loop also affects 

the fluctuation of strand b3 in a slightly similar manner, indicating that the increase in CAZ 

hydrolysis of them is either attributed by the fluctuation of strand b3.

In overall, the contributions of the single deletion mutations, Thr171del and Ile173del, to the 

enhancement of CAZ affinity of the enzyme can be summarized with three following effects: (i) to 

increase the degree of freedom of W-loop; (ii) to enlarge the active site cleft; and (iii) to alter the 

electrostatic potential at active site cleft.

3.3. Structural analysis of PenL-Cys69Tyr

Situated next to the reactive Ser70, the Cys69 should not be involved in neither catalysis nor 

substrate recognition/binding due to its original orientation in the peptide sequence. Instead, Cys69 

side chain directly confronts the strands b3b4 (Figure 20, 21A); hence, the substitution at this position 

into bulky tyrosine creates the steric hindrance that leading to distortion of the loop b3-b4 far away 

from W-loop (Figure 20, 21B). Notice that half of the residues involved in substrate binding (Thr235, 

Gly236, Thr237, Gly238, Asp240) and oxyanion hole formation (Thr237) are located on strand b3 

(Figure 6, 14). Physical modification on strand b3 and loop b3-b4 were reported to be responsible 

for the binding of third-generation cephalosporins. For instance, the direct mutation at Gly238 to Val, 

Ser, or Cys in an SHV-type b-lactamase produced the steric confliction with Met69 that pushed 

strand b3 away by 1~2 Å to facilitate the CAZ accommodation, resulting in the decrease in KM [94]. 
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Reversely in case of PenL-Cys69Tyr, the mutated site Tyr69 is located outside yet pushes the loop 

b3-b4 and W-loop (Figure 20, 21).

Figure 20. Effect of mutation Cys69Tyr on 

W-loop and strands b3b4.

PenL-WT and PenL-Cys69Tyr are colored in 

green and yellow, respectively.

As a result, the regions from Gly236-Asp240 (on strand b3) and Thr243-Gly244 are 

discharged from strand structure and becomes a loop, prolonging the loop b3-b4 (Figure 21B). This 

physical distortion expands the binding cleft. Furthermore, the movement of loop b3-b4 subsequently 

pushes the loop b5-a8 along the same direction, resulting in the extension of helix a8 by four amino 

acids. Consequently, the Arg275 side chain, which formerly faces down in wild-type enzyme, is 

rotated ~180° to face toward the cluster Gly236-Thr237-Arg220-Asp276 (Figure 21B, 21D, 21F). 

This cluster was proved mediate b-lactam binding and hydrolysis of KPC-2 b-lactamase [95, 96]. As 

a consequence, the penetration of Arg276 toward this cluster dramatically switched the electrostatic 

distribution around the oxyanion hole from slightly negative (originally seen in PenL-WT, Figure 

18A) into highly positive (Figure 21C, 21D). This effect facilitates the accommodation of CAZ which 

possesses two negatively charged group (Figure 12G). 
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Figure 21. Structural analysis of PenL-Cys69Tyr.

(A) Position Cys69 in PenL-WT structure. (B) Serial effects of bulky Tyr69 in the structure of PenL-

Cys69Tyr resulted in the rotation of Arg275. (C) and (E) Electrostatic distribution in active site cleft 

of PenL-Cys69Tyr apo-form and CBA-bound form (acylation), respectively. (D) and (F) Active site 

cleft of PenL-Cys69Tyr apo-form and CBA-bound form (acylation), respectively, in the same view 

angle with (C) and (E).
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Upon CBA binding, the orientation of Arg276 is still maintained as in apo-form, but the loop 

b3-b4 in PenL-Cys69Tyr is slightly shifted backward, where Gly238 and Thr237 participate to the 

stabilization of CBA acetamido backbone (Figure 21F, 22). The Thr237 side chain shows two 

conformations from which the hydroxyl group may momentarily interact with both Arg220 side 

chain and the flexible oxyimino group of CBA (Figure 21F). The residue Asp240 which originally 

located at the C-terminal end of strand b3 (in wild-type enzyme) also shows movement to interact 

with the amino group of CBA thiazol ring (Figure 21F, 22). Noted that the CBA in this structure is 

in acylation form, in which the boron atom is covalently bonded to Ser70 hydroxyl group, and the 

catalytic water (W4) is ready to attack one of the hydroxyl groups of boron (-OH1), which 

corresponds to the b-lactam carbonyl group of CAZ (Figure 12G). As expected, the Tyr61 side chain 

does not interact to CBA (Figure 21F, 22A). 

Figure 22. Conformational changes in PenL-Cys69Tyr upon ligand binding.

(A) Binding of CBA in active site cleft of PenL-Cys69Tyr, in a slightly different view angle with Figure 

16B. (B) Overlapping of PenL-Cys69Tyr apo-form (yellow) with CBA-bound form (cyan) 

demonstrates fluctuations in structures, especially at loop b3-b4.
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3.4. Structural analysis of PenL-Asn136Asp 

Positioned away from active site cleft, Asn136 is also never involved in catalysis or substrate 

binding. The role of Asn136 is to stabilize the energetically unfavorable non-proline cis-peptide 

Glu166-Thr167 (Figure 23A). Since Glu166-Thr167 is located on W-loop, Asn136 thus also anchor 

the W-loop via two hydrogen bonds with Glu166 backbone (Figure 23A). The replacement Asn136 

to aspartate abolishes on hydrogen bond (Figure 23B), which probably lead to an increase in 

flexibility of W-loop. To our surprise, the structure of PenL-Asn136Asp demonstrates no significant 

difference in comparison with PenL-WT. Nonetheless, PenL-Asn136Asp can accommodate the CBA 

into its active site wherein the conformation does not change substantially. Residue Arg275 also 

adopts the same configuration as that of the wild-type enzyme, certainly does not lead to alteration 

of electrostatic distribution around active site cleft as seen in PenL-Cys69Tyr described in previous 

section (data not shown). In overall, no considerable distinction between PenL-Asn136Asp and 

PenL-WT, as well as between PenL-Asn136Asp apo-form, acylation- and deacylation-CBA-bound 

form, is observed. The interesting question is raised here, on the manner that the excessively negative 

CAZ can be strongly attracted into a negative active site cleft PenL-As136Asp (Figure 24) which is 

not different from that of PenL-WT (Figure 18A). Taking together with the CD spectra data (Figure 

13), these observations indicating that the increase in binding of CAZ into its active site should be 

governed by latent factors other than the electrostatic attraction seen in PenL-Cys69Tyr, and could 

not be revealed in the static crystal structure.
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Figure 23. Structural analysis of PenL-Asn136Asp.

(A) Position of Asn136Asp in PenL-WT structure. (B) Substitution of Asn136 into Asp abolishes one 

hydrogen bond to stabilizes the non-proline cis-peptide Glu166-Thr167.

Figure 24. Binding of ligand into active site of PenL-Asn136Asp.

(A) and (B) show the CBA binding mode in acylation form, while (C) and (D) display the CBA in 

deacylation form. Movement of Arg104 may raise the apparent alteration in electrostatic distribution.
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We thereby suggested two hypotheses. First, the higher degree of freedom would be induced 

to W-loop of PenL-Asn136Asp owing to the loss of one hydrogen bond by the mutation Asn136Asp 

occurred outside the W-loop. This effect, indeed, would resemble other ESBL cases in class A b-

lactamase where the stabilization network on W-loop per se was devastated, i.e. the displacement at 

Ambler position Arg164 or Asp179 [89, 90] (Table 6). In those cases, the enhanced flexible motion 

of W-loop resulted in the transient enlargement of active site cleft, which was proposed to facilitate 

the accommodation of third-generation cephalosporins. The akin effect would be able to ascribe to 

PenL-Asn136Asp. Second, the mutation Asn136Asp may create an intrinsic dynamic conformer that 

would efficiently accommodate CAZ. The viewpoint of promiscuity in protein conformation has 

been suggested formerly, whereby the evolvability of proteins to adapt novel substrates would be 

promoted by the conformational diversity caused by accumulation of single mutations [97].

The molecular dynamics (MD) simulation is therefore conducted to compare the dynamic 

property of PenL-Asn136Asp with PenL-WT. The RMSD plot (Figure 25) indicates that the overall 

structure of PenL-Asn136Asp was stable through 50 ns trajectory, and roughly similar to PenL-WT. 

However, RMSD at three critical segments of PenL-Asn136Asp, as similar as PenL-Cys69Tyr, was 

higher than PenL-WT, and appeared to fluctuate robustly, especially at the lid region (Figure 25).

Furthermore, the radius of gyration (Rgyr) plots also demonstrate potential unfolding of two PenL 

substitution variants, in contrast to the sustainable motion of PenL-WT (Figure 26). These

observations strongly suggest that PenL-Asn136Asp (and PenL-Cys69Tyr) has higher tendency for 

disorder than PenL-WT, which is correlated with the higher adaptability toward CAZ in term of 

protein dynamism [97].

In the further analysis, the root mean squared fluctuation (RMSF) plot shows that, the three 

critical segments W-loop, lid, and strands b3b4 fluctuated in higher degree than those of PenL-WT 

(Figure 27). The RMSF analysis result is well consistent with RMSD and Rgyr analyses above.
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Intuitively, in PenL-WT, the conformations of primary residues such as Asn136, Glu166, reactive 

Ser70, and the three essential catalytic segments were sustainable through MD trajectory (Figure 28, 

LEFT). In contrast, the mutated Asp136 side chain in PenL-Asn136Asp dramatically swung away 

(~6.3 Å) from the Glu166 backbone, leading to the robust fluctuation of Glu166 on W-loop and Ser70 

(Figure 28, RIGHT). Afterward, the high degree fluctuation of W-loop and Ser70 likely pushes the 

loop b3-b4 via steric confliction, which simultaneously augmented by a breakdown of the hydrogen 

bond between Asn170 on W-loop and Asp240 on b3 (Figure 28, RIGHT). The changes in the regions, 

which intensively involved in substrate recognition, may result in the momentary expansion of the

active site space and the improvement of CAZ binding, likewise observed from PenL-Cys69Tyr.

Especially, residue Arg275 in PenL-Asn136Asp never rotated to adopt similar conformation 

of Arg275 in PenL-Cys69Tyr (data not shown), suggesting that the electrostatic potential in active 

site cleft of PenL-Asn136Asp should not be altered as was seen in PenL-Cys69Tyr but interestingly 

identical with that of PenL-WT. Therefore, the comparable KM values (in both phases of biphasic 

kinetic course) of PenL-Asn136Asp in respect to PenL-Cys69Tyr indicates that an unknown factor 

may drive the increase in CAZ affinity of PenL-Asn136Asp. It is worth to propose that, the CAZ 

affinity enhancement in PenL-Asn136Asp would be synergistically attributed by the dynamic 

motions of all three critical segments W-loop, lid, and strands b3b4, under the effect of the mutation. 

In other words, the substitution effect eventually reached to both three critical segments surrounding 

active site, so that it favored the momentary conformation of the enzyme that elevated the facile CAZ 

accommodation [97, 98].
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Figure 27. Root mean squared fluctuation (RMSF) at Ca of PenL-Asn136Asp during 50 ns 

simulation

RMSF of PenL-WT and PenL-Cys69Tyr are shown as reference.

Figure 28. Conformation of PenL-Asn136Asp during 50 ns simulation

RMSF of PenL-WT and PenL-Cys69Tyr are shown as reference.
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3.5. Role of Arg104, Tyr105 in substrate recognition

In both CBA-bound complex structures of PenL ESBL variants that have been obtained so far, 

the tetrahedral intermediate of the substrate is certainly stabilized by the typical oxyanion hole, which 

is well studied in class A b-lactamases. The typical oxyanion hole, which comprised by N atoms of 

reactive Ser70 and Thr237, and water W6 (Figure 29), is responsible for sustaining the carbonyl 

group of b-lactam backbone once the b-lactam is attacked by nucleophilic Ser70. Interestingly, we 

discovered another potential oxyanion hole that further stabilizes the substrate intermediate. This 

oxyanion hole may be attributed by Asn132 Nd, Arg104 Ne and Nh1 (or Nh2 optionally), and water 

W5 (Figure 29). The presence of this potential oxyanion hole has been described sometimes 

previously in case of ESBLs that possess N-contained residues such as Asn or Gln [45, 99]. 

Nonetheless, to best of our knowledge, the term “the second oxyanion hole” has not been 

recommended so far, may be due to the accepted canonical definition that, oxyanion hole stabilizes 

the transition state negative charge on deprotonated oxygen or alkoxide that developed from a 

nucleophilic attack [100]. With this regard, the interaction network Asn132-Arg104-W6 may not be 

recognized as a full-feature oxyanion hole, because this network merely stabilizes the acetamido 

hydroxyl group of CBA (Figure 29), which is permanently present in the ligand (in both CBA and 

CAZ, Figure 12G). Although the definition may be controversial to some extent, the appearance of 

"the potential second oxyanion hole" in the structure of PenL ESBL variants further stabilizes the 

substrate intermediate. 

It should be recalled that Arg104 is available in either PenL-WT. As was mentioned in 

Introduction part, the occupation of Arg at position 104 is one of the reasons for the intrinsic CAZ 

hydrolysis ability of PenL-WT, in comparison the other non-ESBL class A b-lactamases that possess 

an acidic residue at this position, e.g., TEM-1 [43] and SHV-1 [42]. It has been proposed so far that 

a basic or N-contained residue at position 104 may mediate the binding of the negative oxyimino 



Thinh-Phat Cao Ph.D. Dissertation

Chosun University, Department of Biomedical Science

62

group of oxyimino-cephalosporins. However, as observed in our structural data, the oxyimino group 

directly interact with the aromatic Tyr105 via p-anion interaction, whereas Arg104 may attract it by 

electrostatic interaction rather than direct hydrogen bond or salt bridge (Figure 17B, 17D, 21F, 24B, 

24D). Tyr105 is less agitated due to its rigidity so that its fluctuation is moderately restricted to adapt 

the substrate oxyimino group. 

On the other hand, the flexible movement of Arg104 can modulate the electrostatic potential 

in the active site cleft (Figure 17, 21, 24). Even further, in CBA-deacylation-bound form of PenL-

Asn136Asp in which the ligand is mimicking the stage just before product release, Arg104 

discharged from the interaction network with Asn132 and water W5, disrupting “the potential second 

oxyanion hole” (Figure 29C). Taken together, it can be concluded that the fluctuation of Arg104 is 

one of the important factors that facilitate the accommodation of CAZ into active site cleft of PenL.
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Figure 29. Role of Arg104 in 

substrate binding.

The typical oxyanion hole is 

comprised by N atoms of reactive 

Ser70 and Thr237, and water W6 

(sometimes is called oxyanion 

water in literatures). The “potential 

second oxyanion” is formed by 

Asn132 Nd atom, Arg104 Ne and

Nh1 (or Nh2 optionally) atoms, and 

water W5. Notice that the 

projection of Arg275 only occurs in 

PenL-Cys69Tyr (A).



Thinh-Phat Cao Ph.D. Dissertation

Chosun University, Department of Biomedical Science

64

IV. PERSPECTIVE
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IV. PERSPECTIVE

Effects of single mutations on the ceftazidime hydrolysis enhancement 

of PenL b-lactamase

The emergence of ESBLs has been identified and studied roughly half of century, with 

remarkable cases reported in class A b-lactamase, not to mention the other three classes. In most 

cases, ESBLs are induced by mutations that directly occurred in three critical segments involved in 

catalysis and substrate recognition: W-loop (160-180 by the Ambler system), lid (92-118), and 

strands b3-b4 (230-251), as was categorized in two most common types of class A b-lactamase, SHV 

and TEM (https://www.lahey.org/Studies/ and Appendix 1 Table 6). Wherein, the mutations 

unambiguously affect the properties of the segments, for instance, increase the flexibility of W-loop

[41, 90, 101], improve the binding space by mutations on strand b3 [89, 94, 102], or alter charged 

property at position 104 on lid [32, 103]. It should be noted that several of mutations occurred outside 

of these three regions, yet those are proved to stabilize the structural integrity of the enzyme [58, 89, 

102, 104] so that they always emerged in accompany with certain major mutation(s) arise in one of 

three critical segments. Therefore, the single mutations in PenL b-lactamase that are reported in this 

thesis are distinctively attracted because they occur at the residues outside those three critical 

segments (Cys69Tyr and Asn136Asp), or on W-loop yet participate in neither catalysis nor substrate 

binding (Thr171del and Ile173del). The emergence of ESBLs caused by substitution at the Ambler 

position 69 is isolated in frequent among class A b-lactamases [58, 62, 104-111], especially in case 

Cys69Tyr of PenI that was isolated from a patient infected with B. pseudomallei [54, 55], yet the 

lack of high-resolution structure has restricted the insightful explanation for its effect. Whereas, the 
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substitution mutation Asn136Asp and two deletion mutations Thr171del, Ile173del are the novel 

reported ESBL [14].

In this study, we described the first ever structure of Cys69Tyr in Pen-type b-lactamases, PenL. 

We also determined the high-resolution structures of the other mutations, Asn136Asp, Thr171del, 

and Ile173del, in complex with the ligand. Together with CD and MD analysis, our data reveal that 

those single mutations finally converge to the influence on critical segments, particularly W-loop and

strands b3b4. As a consequence, these structural effects lead to change in the kinetic property of the 

enzyme, specifically the CAZ binding affinity (KM) and reaction rate (kcat).

Single mutations on outside residues influence both W-loop and strands b3b4

 W-loop and strands b3b4 are the two most critical segments in the structure of b-lactamase 

since these two segments are involved in both catalysis and substrate recognition. Because of their 

sensibility, a certain change in their property would result in alteration on the feature of the enzyme, 

i.e., the substrate specificity. Therefore in most ESBLs, the substitution mutations on these two 

regions are predominant. In some cases, the insertion mutations on W-loop extend its length and the 

number of residues involved in substrate recognition, thus enhance the hydrolysis ability of enzyme 

toward third-generation cephalosporins [15, 41, 112].

In contrast, the two deletion mutations Thr171del and Ile173del, despite shortening the length 

of W-loop but confer the increase in CAZ hydrolysis ability to PenL. Originally, Thr171 and Ile173 

never participate in catalysis or substrate recognition. The single deletions of these two amino acids 

were shown to expand the substrate binding cavity and rearrangement of residues on W-loop (Figure 

15, 16), which resulting in the electrostatic alteration potential in the active site cleft (Figure 17, 18). 

The shortened W-loop might be thought to be less flexible than the original one, however, our 

structural data demonstrate that the W-loop of the two deletion mutations, Thr171del and Ile173del, 
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is more agitated than that of the wild-type enzyme (Figure 19), which may lead to the disruption in 

the peptide backbone of W-loop (Figure 17). Notice that the more drastic flexibility of W-loop in 

PenL-Thr171del (Figure 19) may correlate to its 3-fold higher CAZ affinity in respect to PenL-

Ile173del, expressed by their KM values are of 16.118 ± 0.514 and 52.074 ± 4.390 mM (Table 5). 

Furthermore, the high degree fluctuation of W-loop also caused the increase in fluctuation of strand 

b3 in these two deletion variants (Figure 19).

In another aspect, our data demonstrate that the single substitution mutations occur outside W-

loop, and even outside strands b3b4 also create similar effects. Specifically, the steric hindrance 

created by mutation Cys69Tyr pushed both strands b3b4 and W-loop, making a wider active site cleft 

(Figure 20, 21). The rearrangements also prompted the projection of Arg275 toward the cluster 

Arg220-Asp276-Thr237 that is important for substrate binding (Figure 22), switching the 

electrostatic potential around the typical oxyanion hole into highly positive so that the excessively 

negative CAZ would be firmly attracted. The Asn136Asp, on the other hand, enhanced the flexibility 

of W-loop by loosening the anchoring of non-proline cis-peptide Glu166-Thr167 (Figure 23). As a 

consequence, the movement of W-loop also created steric confliction to dynamically push strands 

b3b4, resulting in the momentary enlargement of the active site cleft (Figure 28). Interestingly, 

although the electrostatic property at active site cleft of PenL-Asn136Asp is not switched into 

positive as was seen in static crystal structure (Figure 23), the dynamic rearrangement of W-loop and 

strands b3b4 has still resulted in comparable CAZ affinity of PenL-Asn136Asp as of PenL-Cys69Tyr, 

expressed by their KM values are of 14.140 ± 0.975 and 10.475 ± 0.537 mM for initial phase, and 

4.528 ± 0.182 and 2.165 ± 0.011 mM for final phase, respectively (Table 5). However, we could not 

rule out the nature of biphasic kinetics of PenL-Asn136Asp at the moment.
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Effect on strand b3b4 is more critical than on W-loop in term of CAZ affinity 

enhancement

As has been described so far, the two substitution mutations, Cys169Tyr and Asn136Asp, 

which affect more drastic on strands b3b4 has higher CAZ affinity than the two deletion mutations, 

Thr171del and Ile173del, which majorly influence the W-loop. With this observation, it is tempting 

to suggest that the fluctuation on strands b3b4 is more critical than the fluctuation of W-loop for the 

binding of CAZ into active site cleft of PenL, and Pen-type b-lactamase in general. In consistency, 

previous studies also proposed that mutations on strand b3 and/or the loop b3-b4 increase the 

recognition of class A b-lactamases toward third-generation cephalosporins [48, 94]. In this regard, 

it is worth to collect and analyze all the kinetic property of the ESBLs that confer the resistance to 

third-generation cephalosporins for bacteria. However, because of the extremely poor spectroscopic 

property of CAZ, it is very difficult to directly obtain the kinetic parameters for this substrate among 

class A b-lactamases. In most cases, the KM and kcat values for CAZ of ESBLs was not measurable 

or represented by competition parameter KI and kinact, respectively. Therefore, the proposal that 

strands b3b4 are more critical for the binding of CAZ requires further attempts to clarify. 

In summary, our study provides the evidence underlying the critical role of strands b3b4, 

besides the W-loop, in substrate spectrum alteration of Pen-type class A b-lactamase. In a good 

agreement, because the two substitution mutations Cys69Tyr and Asn136Asp influence the strands 

b3b4 more robustly, the CAZ affinity of these two PenL variants is higher than that of the two 

deletion mutations Thr171del and Ile173del, may up to ~26 folds (Table 5). Nonetheless, upon the 

expansion of active site cleft by movement of strands b3b4, the b-lactam substrate might be 

restrained slightly away from reactive Ser70, resulting in the decrease in kcat value of the two 

substitutions mutations [94] up to ~ 12 folds in comparison with that of two deletion mutations (Table 
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5). Furthermore, the augmented KM may lead to the formation of the stable acyl-enzyme complex 

that slows down the reaction rate, explaining for the biphasic kinetics of the CAZ hydrolysis by the 

two PenL substitution variants (Figure 12A). On the other hand, the reasonable decrease in KM and 

kcat in the two PenL deletion variants results in greater catalytic efficiency kcat/ KM value from ~2 to 

~6 folds, in respect to the two substitution variants (Table 5). The kcat/ KM values in our work are 

consistent with the previously published MIC values presented in Figure 5, which demonstrated the 

more resistance to CAZ in B. thailandensis that acquired deletion variant PenL-Thr171del or PenL-

Ile173del than that bacterium possesses substitution variant PenL-Cys69Tyr or PenL-Asn136Asp.

Implication to drug design and medical treatment against Burkholderia

pathogens

The understandings described in this study about the molecular mechanism for the CAZ 

resistance of Burkholderia through the evolution of PenL b-lactamase may imply strategy for 

potential drug design. One of the examples is to preferably block the fluctuation of strands b3-b4. 

Or, in case when the emergence of the mutant Cys69Tyr had been identified, the novel types of b-

lactamase inhibitors can be developed with extra negative charged groups. This kind of inhibitor 

could be used in a combination which would help to improve the effectiveness of ceftazidime 

treatment.

On the other hand, the current study alerts the potential emergence of novel and unanticipated 

ESBLs in which the ability to hydrolyze the latest antibiotics of the enzyme can be enhanced by any 

single mutation regardless of the position they occur. For instance, likewise CAZ, the monobactam 

aztreonam (AZT) also possesses two negatively charged groups which may be strongly attracted to 
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the ESBLs like Cys69Tyr variants (Figure 12G), etc. The usage of b-lactam antibiotics should be 

therefore attentively prudent. In fact, over ninety years since the first b-lactam, penicillin was 

discovered (1928), and seventy-six years since penicillin was approved to be used in treatment, 

human being has invented and innovated many kinds of b-lactam drug which intentionally to prevent 

or avoid the action of b-lactamases. Nevertheless, the adaptability of b-lactamases are much faster 

and more sophisticated than the innovation of drugs, leaving the difficulty for the human being to 

defeat the pathogens. The development of novel drugs, therefore, should not be longer focused on 

the improvement of b-lactam drug, yet the better strategy should consider on other targets, e.g. the 

expression of b-lactamase. With this regard, the promoter of b-lactamase gene, and the corresponding 

transcription factors should be profoundly considered.
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V. Appendix 1: Supplementary Data
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V. Appendix 1: Supplementary Data

Figure 30. Appendix: Variation positions in TEM and SHV b-lactamases that promote 

ESBL emergence.

Three critical catalytic segments are colored in yellow (W-loop), blue (Lid), and green (strands b3b4). 

The hotspots where the mutations occur frequently are colored in red. The information in this figure is 

curated from Appendix 1 Table 6.
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Table 6. Appendix: Hotspots of mutation that induce the emergence of ESBLs on TEM and SHV b-lactamases

This table is adopted from https://www.lahey.org/Studies/, in which, the listed ESBL cases have been described with references. The variants 

which have only genebank number or have not been recognized as ESBL are excluded. This table has been updated up to November 2018.

ESBL
Alternative

name

Segment
PDB ID Ligand Structure-based explanation Ref

W-loop Lid
Strands 

b3-b4
a1-b1 b5 Other

TEM-3 
CTX-1, 
TEM-14

E104K G238S Q39K [113]

TEM-4 E104K G238S L21F T265M
[114, 
115]

TEM-5 CAZ-1 R164S
A237T, 
E240K

[115, 
116]

TEM-6 R164H E104K
[117, 
118]

TEM-7 R164S Q39K [119]

TEM-8 CAZ-2 R164S E104K G238S Q39K
[105, 
120, 
121]

TEM-9 RHH-1 R164S E104K L21F T265M
[117, 
122]

TEM-10
MGH-1, 
TEM-E3, 
TEM-23

R164S E240K
[105, 
123, 
124]

TEM-11 CAZ-Io R164H Q39K
[105, 
118, 
125]

TEM-12
YOU-2, 
CAZ-3, 
TEM-E2

R164S
[105, 
126, 
127]

TEM-13 Q39K T265M
[105, 
118]

TEM-15 E104K G238S
[105, 
118]
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TEM-16 CAZ-7 R164H Q39K
[119, 
121]

TEM-17 E104K [128]

TEM-18 E104K Q39K [118]

TEM-19 G238S [118]

TEM-20 D179T G238S
[129-
131]

TEM-21 E104K G238S Q39K H153R
[129-
132]

TEM-22 E104K
A237G, 
G238S

Q39K
[131, 
133]

TEM-24 CAZ-6 R164S E104K
A237T, 
E240K

Q39K
[105, 
120, 
121]

TEM-25 CTX-2 G238S L21F T265M
[127, 
134]

TEM-26 YOU-1 R164S E104K [135]

TEM-27 R164H E240K T265M [136]

TEM-28 R164H E240K [137]

TEM-29 R164H [130]

TEM-30
IRT-2, 
TRI-2, 
E-GUER

R244S 1LHY

R244S: removes a conserved water that 

coordinates to R244, V216 and b-lactam 
C3 atom → reduce affinity and proper 
orientation of inhibitor

[58, 
138, 
139]

TEM-31
IRT-1,
TRI-1,
E-SAL

R244C
[138, 
139]

TEM-32 IRT-3
M69I,
M182T

1LI0

· M69I causes distortion on S70 →
conformational change in S130 that 
reduces its nucleophilicity →
weakening cross-linking of inhibitor 
with S70 and S130

[58, 
104]
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· M182T: strengthens the dense 
hydrogen bond network that stabilizes 
the active site

TEM-33 IRT-5 M69L
[62, 
105-
107]

TEM-34 IRT-6 M69V 1LI9

M69V: causes distortion on S70 →
conformational change in S130 → 

attenuated S130 Og by K73 and K234 →
reduces nucleophilicty of S130 and 
cross-linking of inhibitor with S70 and 
S130

[58, 
106]

TEM-35 IRT-4
M69L, 
N276D

[106]

TEM-36 IRT-7
M69V, 
N276D

[106]

TEM-37 IRT-8
M69I, 
N276D

[140]

TEM-38 IRT-9
M69V, 
R275L

[140]

TEM-39 IRT-10 W165R
M69L, 
N276D

[140]

TEM-40 IRT-167 M69I
[107, 
108]

TEM-42
G238S, 
E240K

Q39K, A42V T265M [141]

TEM-43 R164H E104K M182T [142]

TEM-44
IRT2-2, 
IT-13

R244S Q39K [143]

TEM-45 IRT-14
M69L, 
R275Q

[144]

TEM-46 CAZ-9 R164S E104K E240K Q39K [103]

TEM-47
G238S, 
E240K

T265M [145]

TEM-48
G238S, 
E240K

L21F T265M [145]

TEM-49
G238S, 
E240K

L21F T265M S268G [145]
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TEM-50 CMT-1 E104K G238S
M69L, 
N276D

[109]

TEM-51 IRT-15 R244H [146]

TEM-52 E104K G238S M182T 1HTZ

· G238S: expands active site
· E104K: stabilizes the reorganized 

topology (of the active site?)

· M182T: stabilizes the enzyme

[89, 
102]

TEM-53 R164S L21F [105]

TEM-54 R244L [105]

TEM-56 E104K Q39K H153R [147]

TEM-58 R244S V262I [148]

TEM-59 IRT-17 Q39K S130G [149]

TEM-60 R164S E104K Q39K, L51P [150]

TEM-61 CAZ-hi R164H E240K Q39K [105]

TEM-63 TEM-64 R164S E104K L21F M182T 1JWZ

R164S: breaks the inherent salt bridge 
between R164-E171 that stabilizes W-

loop → increases flexibility of W-loop 
and expands active site cleft

[90, 
101]

TEM-65 R244C Q39K [151]

TEM-66
G92D, 
E104K

G238S Q39K [151]

TEM-67 R244C L21I, Q39K [152]

TEM-68 CMT-2
G238S, 
E240K

T265M R275L [153]

TEM-71
G238S, 
E240K

[154]

TEM-72
G238S, 
E240K

Q39K M182T 3P98
Citrate (in 

crystallization 
buffer)

Increase flexibility, especially at loop b4-
b5

[155, 
156]

TEM-73 IRT-18 R244C L21F T265M [151]
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TEM-74 IRT-19 R244S L21F T265M [151]

TEM-75 R164H L21F T265M [157]

TEM-76 IRT-20 S130G 1YT4

S130G: no side chain → prevents the 
cross-linking of inhibitor to S70 and 
S130 (two waters are displaced in S130 
side chain position instead)

[110, 
158]

TEM-77 IRT-21 R244S M69L [110]

TEM-78 IRT-22 W165R
M69V, 
N276D

[110]

TEM-79 R244G [110]

TEM-80 IRT-24
M69L, 
I127V, 
N276D

[111]

TEM-81
M69L, 
I127V

[111]

TEM-82
M69V, 
R275W

[111]

TEM-83 W165C
M69L, 
R275W

[111]

TEM-84 N276D 1CK3

· Significant movement of D276
· Salt bridge formation between D276 

and R244, the counterion of inhibitor 
carboxylate

· Lacking of critical water for the 
inactivation by clavulanate

[111, 
159]

TEM-85 R164S E240K L21F T265M [160]

TEM-86 R164S
R237T, 
E240K

L21F T265M [160]

TEM-87
D163H, 
R164C

E104K Q6K M182T [161]

TEM-88 E104K G238S
M182T, 
G196D

[162]

TEM-89 CMT-3 E104K G238S Q39K S130G [163]

TEM-90 TLE-1 D115G [164]
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TEM-91 R164C E240K M182T [165]

TEM-92 E104K G238S Q6K M182T [166]

TEM-93
G238S, 
E240K

M182T [160]

TEM-94 E104K G238S L21F T265M M182T [160]

TEM-95 P145A [167]

TEM-102 R164S L21F T265M [168]

TEM-103 IRT-28 R275L [169]

TEM-109 CMT-5 R164H E104K M69L [170]

TEM-110 L21F T265M [171]

TEM-112 G238S H153R [172]

TEM-113 E104K G238S Q39K M182T [172]

TEM-114 R164S
A237T, 
E240K

Q39K [172]

TEM-115 R164H L21F [173]

TEM-118 TEM-HM R164H T265M [174]

TEM-120 G238S L21F [172]

TEM-121 CMT-4 R164S E104K
A237T, 
E240K, 
R244S

Q39K [175]

TEM-122 R275Q [176]

TEM-125 CMT-type
R164S, 
W165R

F16L
M69L, 
N276D

[177]

TEM-126 D179E M182T [172]

TEM-129 R164S E104K Q39K [178]

TEM-131 R164S E104K A237T L21F M182T [179]
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TEM-132
R164H, 
I173V

E240K [180]

TEM-133 R164S E104K L21F [181]

TEM-134 R164H E104K G238S Q39K [182]

TEM-135 M182T 1JWP
[90, 
183]

TEM-136 R164S
A237T, 
E240K

S268G [184]

TEM-137 R164S E240R [185]

TEM-138 N175I E104K G238S [186]

TEM-139 E104K G238S
Q39K, 
L49M

[187]

TEM-144 R164C E240K [188]

TEM-149 R164S E104K E240V M182T [189]

TEM-151 CMT-type R164H
M69V, 
N276D, 
A284G

[190]

TEM-152 CMT-type R164H E240K
M69V, 
N276D

[190]

TEM-153 E104K G267V M182T [191]

TEM-154 CMT-type R164S M69L [191]

TEM-155 R164S E240K Q39K [192]

TEM-158 CMT-9 R164S
M69L, 
N276D

[193]

TEM-159 L21F
M69I, 
M182T

[171]

TEM-160 Q39K M69V [171]

TEM-164 L40V I279T [194]

TEM-167 E104K G238S L21F T265M A224V

TEM-168 T265M [195]
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TEM-177 R164S E104K
A237T, 
E240K

Q6K, Q39K M182T [196]

TEM-178 R178A G238R
G42S, R43T, 
V44S

P145S, 
K146Q, 
E212del

[197]

TEM-181 A184V [198]

TEM-186 D176N [199]

TEM-187 R164H L21F T265M A184V [200]

SHV-2 G238S 1N9B
Conformational displacement of loop b3-
b4 away from W-loop was supposed to 
expand the binding site

[201, 
202]

SHV-2A G238S L35Q [203]

SHV-3 G238S R205L [204]

SHV-4
G238S, 
E240K

R205L [205]

SHV-5
G238S, 
E240K

[206]

SHV-6 D179A [207]

SHV-7
G238S, 
E240K

I8F, R43S [208]

SHV-8 D179N [209]

SHV-9 SHV-5a
G238S, 
E240K

G54del, 
A140R, 
K192N, 
L193V

[210]

SHV-10
G238S, 
E240K

G54del, 
S130G, 
A140R, 
K192N, 
L193V

[211]

SHV-11 SHV-1-2a L35Q [212]

SHV-12 SHV-5-2a
G238S, 
E240K

L35Q [212]
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SHV-13 G238A L35Q [213]

SHV-14 I8F, R43S [214]

SHV-16
163DRW
ET167 
insertion

[112]

SHV-18
G238A, 
E240K

I8F , R43S [215]

SHV-19 L173F [101]

SHV-20 L173F G238S [101]

SHV-21 L173F G238S L122F [101]

SHV-22 N158K
G238S, 
E240K

[101]

SHV-23
G238S, 
E240K

L122F, 
A188G

[216]

SHV-24 D175G [217]

SHV-25 T18A, L35Q M129V [218]

SHV-26 A187T [218]

SHV-29 G238A L35Q, R43S [219]

SHV-30 G238S I8F, R43S [220]

SHV-31 E240K L35Q [221]

SHV-32 G156D A124V [222]

SHV-33 P226S [222]

SHV-34 G238S I8F, R43S E64G [223]

SHV-38 A146V [224]

SHV-40 A234G L35Q [173]

SHV-41 V142F [173]
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SHV-42 A25S M129V [173]

SHV-43 L113F T149S [225]

SHV-44 R205L [226]

SHV-46
G238S, 
E240K

T195N [227]

SHV-49 M69I [228]

SHV-50
G238S, 
E240K

Y7F [229]

SHV-56 K234R L35Q [230]

SHV-57 L169R [231]

SHV-60 L35Q A187T [232]

SHV-61 L10R, L35Q [232]

SHV-62 H112Y L35Q [232]

SHV-70 L35Q L148V [233]

SHV-71 H112Y A146V [232]

SHV-73 K234R Y7del A146V [232]

SHV-74 A22T, L35Q [232]

SHV-75 N254H [232]

SHV-76 T18A, L35Q D213S [232]

SHV-77 L35Q V75A [232]

SHV-78 G54S [232]

SHV-79 A172V L35Q [232]

SHV-80 L35Q A146T [232]

SHV-81 L35Q G144S [232]
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SHV-82
I8V, L35Q, 
A25T

[232]

SHV-83 M5K [232]

SHV-85 L19M, L35Q [234]

SHV-89 L35Q M129V [235]

SHV-90
G238S, 
E240K

A187T [191]

SHV-91 E240K P20S [191]

SHV-92 L35Q M69I, T141I [236]

SHV-98 S271I [237]

SHV-99 D104G [237]

SHV-100
35SESQLSG
RVGMIE36 
insertion

[237]

SHV-101 D214G [238]

SHV-102 G238A [239]

SHV-103 L250R [240]

SHV-105 G156D
G238S, 
E240K

I8F, R43S [192]

SHV-106 G238S I8F [232]

SHV-107 T235A L35Q [232]

SHV-108 L35Q T141I [232]

SHV-109 L10R, L35Q T268M [241]

SHV-110 G156D L35Q [242]

SHV-111 P174S [242]

SHV-129
G238S, 
E240K

L35Q
R275L, 
N276D

[243]
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SHV-142 T18A, L35Q [244]

SHV-147 T71A P269S [245]

SHV-148 R292Q [245]

SHV-149 Q30R, R43S F151S [245]

SHV-150 A248V [245]

SHV-151 L40P, R43S [245]

SHV-152 G238S W60R [245]

SHV-153 G238S A273V [245]

SHV-154
G238S, 
E240K

R43S [245]

SHV-155 L35Q R292Q [245]

SHV-156 L35Q
L91P, 
A150T

[245]

SHV-157 L35Q V75M [245]

SHV-158 L35Q, S53A [245]

SHV-159 L35Q D213G [245]

SHV-160
G238S, 
E240K

L35Q, S38G [245]

SHV-161 R43S [245]

SHV-162 G238S R43S, I47V [245]

SHV-163 G238S R43S R292Q [245]

SHV-165
G238S, 
E240K

T18P [245]

SHV-167 H112Y
G87D, 
A146V

[246]
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VI. Appendix 2: Crystal structure implies an 

alternative opinion on the CAZ resistance of 

Burkholderia thailandensis acquired the PenL variant 

165_167delinsPro
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VI. Appendix 2: Structural study implies an alternative 

strategy for the CAZ resistance of Burkholderia thailandensis

acquired the PenL variant 165_167delinsPro

Opinion

In their previous study published on the journal Antimicrobial Agents and Chemotherapy, 

volume 58(10), 2014, Hwang et al. described the four deletion mutations of PenL b-lactamase 

isolated from large-scale mutant selection on B. thailandensis [56]. Two of them, PenL-Thr171del 

and PenL-Ile173del, have been already characterized at atomic level in previous part of this thesis. 

Noticeably, a special deletion mutation, namely 165_167delinsPro, also exhibited significantly high 

MIC value for CAZ, as shown in Figure 31 below, and even higher when being transferred to the B. 

thailandensis penL-null mutation [56]. This PenL variant was selectively deleted three amino acid 

W-loop region, from Arg165-Glu166-Thr167, and thereby a Pro was inserted displacing. The MIC 

result may suggest that the PenL-165_167delinsPro would probably confer the resistance to CAZ for 

B. thailandensis, and thus should be considered as a potential threat from the diverse evolution of 

pathogens to survive under pressure of novel strong antibiotics.
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Figure 31. Appendix: Minimal inhibitory concentration (MIC) of CAZ for B. thailandensis

acquired PenL-165_166delinsPro

Data adapted from Yi et al., 2012[14] and Hwang et al., 2014[56]

However, it should be precautious when claiming that the PenL-165_166delinsPro was the 

cause of the CAZ resistance seen. In fact, the finding about the PenL variant 165-167delinsPro has 

been a surprise. To best of our knowledge, the residue Glu166 has been well documented to be strictly 

conserved among class A b-lactamases, in which it plays the indispensable role in the deacylation 

step of b-lactam hydrolysis, as described early in this thesis (Figure 2 and Scheme 1). Deletion of 

Glu166 thus should lead to the functional deficiency of the enzyme. In agreement, the lack of Glu166

was reported to diminish the microscopic rate constant for deacylation though that for acylation was 

not abolished [247, 248]. Moreover, X-ray crystallography studies also proved that the acylation was 

able to take place in the absence of Glu166 but deacylation was impaired [249, 250]. Nonetheless, 

except for the MIC data, the authors did not provide the kinetic or enzymatic data that would support 
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the role of PenL-165_167delinsPro in case of PenL. The suggestion about PenL-165_167delinsPro 

thus has been still ambiguous.

Upon this point, we over-expressed and purified PenL-165_167delinsPro to homogeneity to 

investigate the kinetic parameters. As was expected, the catalytic activity of PenL-165_167delinsPro 

is extremely low in comparison with PenL-WT (Figure 32). Notably, the reaction catalyzed by PenL-

165_167delinsPro appeared to be in the biphasic manner, somewhat similar to the two substitution 

variants PenL-Cys69Tyr and PenL-Asn136Asp (Figure 12). This result may indicate the formation 

stable acyl-enzyme complex, when the next step, deacylation, was attenuated due to lacking of 

Glu166. Because of such low activity, we could not further determine the kinetic parameters for 

PenL-165_167delinsPro.

Figure 32. Appendix: CAZ hydrolysis activity of PenL-165_167delinsPro

Decrease in CAZ amount was measured at 25°C in buffer consisted of 10 mM potassium phosphate 

supplemented with 20 mg/ml of bovine serum albumin, pH 7.0. The raw data without subtracting the 

experimental error were shown.
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To further asserting, we crystalized and determined the structure of PenL-165_167delinsPro 

at 1.34 Å resolution (Table 7). The overall structure of PenL-165_167delinsPro is superimposed well 

with PenL-WT and PenL-Thr171del, with RMSD at Ca of 0.268 and 0.295 Å, respectively. 

Exceptionally, the W-loop of PenL-165_167delinsPro is disordered in a different fashion rather than 

that of PenL-WT and PenL-Thr171del (Figure 33A). Inside the active site cleft, most of residues in 

the catalytic ensemble are same as seen in PenL-WT and the others (Figure 14). Distinctively, the 

inserted Pro O atom is likely to displaced the carboxylate of original Glu166, while the position of 

catalytic water W4 tends to be occupied by three waters W4-1, W4-2, W4-3 (Figure 33B). The 

electrostatic potential in active site cleft of PenL-165_167delinsPro portrayed in Figure 33C appears 

to resemble that in the two single deletion mutations PenL-Thr171del and PenL-Ile173del (Figure 

17, 18), suggesting that PenL-165_167delinsPro might also have a considerable CAZ affinity, as 

described in previous parts.

Figure 33. Appendix: Structural analysis of PenL-165_167delinsPro

(A) Distinctions in W-loop of PenL-165_167delinsPro (pink) with that of PenL-WT (green) and PenL-

Thr171del (blue). (B) Active site of PenL-165_167delinsPro shows the inserted Pro (on W-loop) and 

the interaction network with three putative waters that displayed the catalytic water W4. (C) 

Electrostatic potential at active site cleft of PenL-165_167delinsPro with the same view angle with 

Figure 17, 20, 23, 24.
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The presence of three waters displaced for the original catalytic water W4 might be thought 

to assist the catalysis, because the following observations. First, water W4-1 coordinates to both 

Asn170 and Lys73, likewise the original W4. Second, waters W4-2 and W4-3 might also be involved 

in the proton transfer network due to their coordination with Lys73 and Asn170, respectively, and 

with the inserted Pro O atom (Figure 33B). And third, the pKa of residue Lys73 in PenL-

165_167delinsPro is calculated as 5.92 by Propka [84], in comparison with 9.16 in Lys73 of PenL-

WT. Noted that pKa of Glu166 in PenL-WT and the other ESBL variants is of ~5. With those reasons, 

a question might be raised that whether the Lys73, the inserted Pro and the three additional waters 

might act replacing the role of Glu166. Nonetheless, this assumption is not supported, firstly by the 

enzyme assay data shown in Figure 32. Secondly, prior studies on other class A b-lactamases either 

described the reduction in pKa of Lys73 to ~6 when the carboxylate residue at position 166 was 

depleted (from ~8-8.5 in the presence of Glu166 originally), however, in both cases, the deacylation 

rate was greatly reduced [247-251]. The study by Meroueh et al., 2005 further emphasized the pivotal 

role of Glu166 to protonate Lys73 and activate the nucleophilicity of Ser70, both via the catalytic 

water [251]. Such role evidently could not be taken when the carboxylate at position 166 was depleted, 

even when replacing the Glu166 with its closest brothers Asn or Gln239-242. We are therefore unable 

to believe that the backbone O atom of the inserted Pro (Figure 33B) is strong enough to interchange 

the role of Glu166 carboxylate. Taken together, we conclude that the variant PenL-165_167delinsPro 

should not be a full functional enzyme. It should be notice that the PenL-165_167delinsPro is still 

able to accommodate b-lactam substrate and the acylation is able to take place, yet the lack of Glu166 

prevents the release of product out of the active site cleft, leaving the strong acyl-enzyme complex. 

In summary, although in the work of Hwang et al., the authors did not state clearly, any 

suggestion that the PenL-165_167delinsPro is the major factor for the CAZ resistance of B. 

thailandensis might be incorrect. However, the work of Hwang et al. may indicate another interesting 
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fact. As was stated in Introduction part, bacteria in Burkholderia group possess the high-level 

intrinsic resistance to antibiotics. Several of resistance machineries of these bacteria have been being 

studied elsewhere [5, 8, 9]. Among those, Pen-type b-lactamase is commonly approved to be the 

prominent factor. With this regards, we suppose that the deficiency of the most important enzyme, 

PenL, by the mutation 165_167delinsPro, would invoke other machineries that help the B. 

thailandensis to survive with high pressure of CAZ. This deduction would explain for the high MIC 

value of B. thailandensis that acquired the PenL-165_167delinsPro (Figure 31) [56], and further 

suggest that other powerful resistance factor of the bacteria must be existed. This topic will be a 

future goal of study.

Materials and Methods

Gene encoded for PenL-165_167delinsPro (without N-terminal signal peptide) was sub-

cloned into pET28a(+) expression vector then was transformed into E. coli BL21 (DE3). Protocols 

of over-expression, purification, crystallization, enzyme assay, and electrostatic potential calculation 

are same as for the four PenL ESBL variants described in part IV. Crystals of PenL-

165_167delinsPro were grown in the condition consisted of 100 mM Tris pH 8.5, 100 mM 

magnesium chloride, 20% polyethylene glycol 400, 20% polyethylene glycol 8000. Suitable crystals 

were transferred into the same growing condition added 20% glycerol for 30 s, then flash-frozen in 

liquid nitrogen for X-ray diffraction experiments. No CBA-soaked crystal was successfully resolved.
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Table 7. Appendix: Data statistics summary for X-ray crystallography of PenL-

165_167delinsPro

Data collection

Beam line PAL-5C

Wavelength (Å) 0.97934

Resolution (Å) 50 – 1.5 (1.53 – 1.50)

Space group C2221

Unit cell dimension

a, b, c (Å) 52.63, 93.96, 102.71

α, β, g (°) 90.0, 90.0, 90.0

Total reflections 570098

Unique reflections 57272 (2825)

Rmerge† (%) 6.8 (31.2)

Completeness (%) 99.7 (99.6)

Redundancy 10.0 (8.4)

Average I/σ (I) 32.14 (8.02)

Matthews coefficient 
(Å3Da-1)

2.24

Solvent (%) 45.18

Refinement

Rwork / Rfree (%) 15.85/17.24

Protein residues 266

Waters 329

RMSD

Bond angles (°) 1.48

    Bond lengths (Å) 0.037

Average B factors (Å2) 18.83

Ramachandran plot

  Favored (%) 95.83

Outliers (%) 0.00

Values in parentheses correspond to highest resolution shell.
†R-merge=Σhkl Σi |Ii(hkl)-<I(hkl)>|/ Σhkl Σi Ii(hkl), where Ii(hkl) is the observed intensity and <I(hkl)> is the average intensity of 
symmetry-related observations.
*CBA: ceftazidime-like glycylboronic acid
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