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very little change in the appearance of the data or the distance 

distributions. A homogeneous three-dimensional model was used for 

background correction, where the background contribution reduces to 

a simple exponential, e−kt, and where k is the only fit parameter. 

Default suggestions were adopted for low-t data cut-off: data thus 

treated represent the time-domain traces presented herein. The 

distance distributions P(r) were obtained by Tikhonov regularization in 

the distance domain, incorporating the constraint P(r) > 0. The 

regularization parameter in the L curve was optimized by examining 

the fit of the time domain. The dipolar evolution times, t, were used to 

calculate limits for the distances, d, that provided (i) reliable distance 

distributions, that allow deconvolution of overlapping distances; (ii) 

reliable distribution widths, that describe the overall heterogeneity of 

distances around the mean; (iii) reliable mean distances, the most 

important limit for the present study; and (iv) reliable distance 

recognitions, that describe the maximum distance that can be 

observed but not necessarily accurately measured. Calculations were 

based on the relationship d ∝ t1/3, and constants of proportionality for 

each of the four limits were calculated from Jeschke’s empirical 

calibrations, described in the user manual for DEERAnalysis 

(http://www.epr.ethz.ch/software/DeerAnalysis2013_manual.pdf) and 

based on fitting simulated data with known distances and distributions. 

Molecular dynamics simulations 

The atomic coordinates for the CcrA crystal structure (PDB id: 

2BMI) from Bacteroides fragilis were downloaded from the Protein 

Data Bank and used to generate the structures of various spin-labeled 

CcrA mutants with the Nanoscale Molecular Dynamics (NAMD) 

program.50 All mutated CcrA structures were created using the 

molecular graphics software VMD.51 The nitroxide spin-probe MTSL 

was attached using CHARMM force field topology files incorporated into 

NAMD. The modified protein assembly was solvated into a spherical 

water environment and further equilibrated and minimized by running 

NAMD simulations at room temperature using CHARMM force field 

parameters.52 The distance distribution from the W49C to N82C, 

D126C, or E233C residues were predicted with rotamer library 

modeling of MTSL conformations using Multiscale Modeling of 

Macromolecular systems (MMM version 2010).50 
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Results 

Properties of spin-labeled recombinant CcrA 

Native CcrA has cysteine residues at positions 104, 181, and 

155.53 An examination of several crystal structures of CcrA suggested 

that Cys104 and 181 would likely not be accessible to the MTSL label, 

whereas Cys155 did appear to be solvent-accessible; therefore, 

Cys155 was substituted with serine (referred to as CcrA* hereafter). 

From examination of the CcrA structure with VMD,51 three distinct 

doubly-labeled CcrA species were identified (Figure 1) as being likely 

to provide useful structure-function information on the loop: 

CcrA:C155S/W49C/N82C, CcrA:C155S/W49C/D126C, and 

CcrA:C155SW49C/E233C (referred to as CcrA*(49/82), CcrA*(49/126) 

and CcrA*(49/233), respectively, hereafter). The label at residue 49 

provides the dynamic probe of the loop, while residues 82, 126, and 

233 reside on more rigid α-helices at 4.0, 3.6, and 2.3 nm (40, 36, 

and 23 Å) distances, respectively, from residue 49. Residues 82, 126, 

and 233 were chosen to “triangulate” the position of the residue 49 on 

the loop (Figure 1). 

CcrA* was shown to bind 2.0 ± 0.1 equivalents of Zn(II) and < 

0.1 eq. MTSL. It exhibited a kcat value of 65 ± 3 s−1 and a Km value of 

6 ± 3 μM, when using chromacef as the substrate (Table 1). 

CcrA*(49/82), CcrA*(49/126) and CcrA*(49/233) were shown to bind 

1.7 ± 0.1, 1.8 ± 0.1 and 2.0 ± 0.1 equivalents of Zn(II), respectively 

(Table 1). Observed Km values were 2–3 fold higher than for wild-type 

CcrA, but similar to those for CcrA*(49) (Table 1). Observed kcat values 

for CcrA*(49/82), CcrA*(49/126) and CcrA*(49/233) were similar to 

those of wild-type CcrA and CcrA*(49) (Table 1). CcrA*(49/82), 

CcrA*(49/126) and CcrA*(49/233) were found to bind 1.6, 1.7, and 

2.0 eq. of MTSL, respectively, under the conditions employed; poorer 

labeling efficiency was observed with shorter incubation times. Spin-

labeling did not significantly affect the metal content or kinetic 

parameters for the CcrA species (Table 1). Ambient-temperature EPR 

(Figure S1) indicated that the spin labels on residues 126 and 233 

experienced somewhat, though not severely, restricted local motion 

whereas the local motion of the label on residue 82 was barely 

restricted at all. Molecular modeling of the possible rotamers of the 

https://doi.org/10.1007/s00775-015-1244-8
http://epublications.marquette.edu/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R53
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R51
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/table/T1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/table/T1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/table/T1/
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spin labels suggested likely interspin distances of 3.0, 2.6 and 2.5 nm 

(30, 26, and 25 Å) for CcrA*(49/82), CcrA*(49/126), and 

CcrA*(49/233), respectively (Figure 1). 

Table 1. Metal content and steady state kinetic constants of CcrA 

mutants. 

Enzyme(Abbreviation) Metal 
content 

(eq) 

Km 
(μM) 

kcat 
(s−1) 

Metal 
content 

after spin-
labeling 

Km (μM) 
after 
spin-

labeling 

kcat (s−1) 
after spin 
labeling 

Wild-type(CcrA) 1.9 ± 0.1 7 ± 1 65 ± 
3 

1.8 ± 0.1 8 ± 3 57 ± 2 

C155S(CcrA*) 2.0 ± 0.1 8 ± 1 62 ± 
2 

2.0 ± 0.1 6 ± 1 65 ± 1 

C155S/W49C(CcrA*49) 2.1 ± 0.1 15 ± 
3 

31 ± 
3 

2.0 ± 0.1 17 ± 2 25 ± 1 

C155S/W49C/N82C(CcrA*49/82) 1.7 ± 0.1 17 ± 
5 

41 ± 
5 

1.8 ± 0.1 22 ± 6 48 ± 1 

C155S/W49C/D126C(CcrA*49/126) 1.8 ± 0.1 18 ± 
4 

63 ± 
1 

1.8 ± 0.1 17 ± 4 74 ± 4 

C155S/W49C/E233C(CcrA*49/233) 2.0 ± 0.1 15 ± 
4 

42 ± 
2 

2.1 ± 0.1 16 ± 4 34 ± 2 

 

DEER Spectroscopy 

Time-domain DEER data of resting CcrA*(49/82) and 

CcrA*(49/82) after completed reaction with chromacef were collected 

to 1.7 μs, which allowed reliable measurement of a mean distance of 

up to 4.73 nm and a distribution overall width for distances up to 3.79 

nm, but no further information could be reliably obtained from the 

distribution shape for distances beyond 2.84 nm.48 The distance-

domain DEER spectrum of resting CcrA*(49/82) indicates a broad 

interspin distance distribution centered at 3.1 nm (31 Å; Figure 2); 

this distance is consistent with the modeling studies that were used to 

identify the sites at which spin labels were introduced. The width of 

this peak [σ(r) ≈ 1.1 nm] indicates significant heterogeneity of the 

inter-spin distance. This is hardly surprising given that the X-ray 

diffraction indicated that one of the labeled residues, Trp49, did not 

occupy a defined volume of space within the resolution of the 

diffraction; residues 48 and 49 comprised the only disordered region of 

the structure.9 Indeed, the hypothesis that this region represents a 

dynamic element in catalysis, and hence the reason for labeling this 

residue, may be considered to presuppose flexibility in solution and, 
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therefore, heterogeneity in the frozen state.27 The ambient 

temperature continuous-wave EPR signal of CcrA*(49/82) confirmed a 

high degree of mobility of at least one of the labels (Figure S1). 

 
Figure 2. DEER spectra of resting, 10 ms intermediate, and product analogs of doubly 
spin-labeled CcrA*(49/82) using a chromacef as a substrate. (Top) CcrA*(49/82) vs 

chromacef resting and product time domain spectra overlay (left) and corresponding 
distance domain DEER spectra overlay (right) (Q-Band). (Bot) CcrA*(49/82) vs 
chromacef 10 ms intermediate time domain spectrum (left) and corresponding 
distance domain (right) DEER spectrum (X-Band). 

Time-domain DEER data of resting CcrA*(49/82) reacted with 

chromacef for 10 ms were collected to 1.2 μs, which allowed reliable 

measurement of a mean distance of up to 4.22 nm and a distribution 

overall width for distances up to 3.37 nm, but no further information 

could be reliably obtained from the distribution shape for distances 

beyond 2.53 nm. Upon reaction of CcrA*(49/82) with chromacef for 10 

https://doi.org/10.1007/s00775-015-1244-8
http://epublications.marquette.edu/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#SD1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F2/
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ms, a clear change in the time-domain DEER spectrum was observed 

and yielded two interspin distance distributions. The shorter mean 

distance accounted for about two-thirds of the sample and was 2.6 nm 

(26 Å), with a distribution σ(r) ≈ 0.8 nm. In addition to the 2.6 nm 

interspin distance, a longer distance of 3.8 nm (38 Å) was also 

observed that accounts for about one-third of the sample. After the 

reaction with chromacef was allowed to run to completion, the DEER 

spectrum indicated a reliable single mean interspin distance of 3.1 nm 

(31 Å), as in the resting enzyme, though with a narrower distribution, 

σ(r) ≈ 0.9 nm. 

The DEER data for CcrA*(49/126) qualitatively reinforced the 

data from CcrA*(49/82) in that the resting species exhibited a broad 

interspin distance distribution centered around the predicted value [r = 

2.5 nm (25 Å); σ(r) ≈ 1.2 nm], the catalytic intermediate exhibited 

two distances, and the product complex exhibited the same mean 

interspin distance as the resting enzyme but with a significantly 

smaller distribution (Figure 3). The spectra of the CcrA*(49/126) 

catalytic intermediate and product complex did differ quantitatively, 

however, from those of their CcrA*(49/82) analogues. For the 

CcrA*(49/126) catalytic intermediate, data were collected to 1.0 ≈ s, 

implying a maximum reliable mean distance measurement of 3.97 nm, 

and a reliable distribution width measurement of 3.16 nm. The shorter 

of the distances corresponded to the resting state mean interspin 

distance of 2.5 nm (25 Å), though with a much narrower distribution, 

σ(r) ≈ 0.6 nm, that is comparable to the corresponding CcrA*(49/82) 

data. Interestingly, the difference between the higher mean interspin 

distance of 3.7 nm (37 Å; within the reliable mean distance limit) in 

the CcrA*(49/126) catalytic intermediate and the resting distance is 

3.7 − 2.5 = 1.2 nm (12 Å), significantly larger than the corresponding 

difference for CcrA*(49/82) (3.8 − 3.1 = 0.7 nm). The time domain 

DEER spectrum of the CcrA*(49/126) product complex shows resolved 

DEER modulations that reflect the narrow distribution, σ(r) ≈ 0.5 nm, 

of the dominant 2.5 nm peak in the distance domain spectrum. 

Additionally resolved features appeared at about 2.2, 2.9, and 3.3 nm 

appear to account for about one-third of the sample, although the 

latter two are close to the reliable distribution limit of 2.95 nm (for a 

1.9 μs dipolar evolution time), and the phenomenon should be treated 

with caution. 

https://doi.org/10.1007/s00775-015-1244-8
http://epublications.marquette.edu/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F3/
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Figure 3. DEER spectra of resting, 10 ms intermediate, and product analogs of doubly 
spin-labeled CcrA*(49/126) using a chromacef as a substrate. (Top) CcrA*(49/126) vs 
chromacef resting and product time domain spectra overlay (left) and corresponding 
distance domain DEER spectra overlay (right) (Q-Band). (Bot) CcrA*(49/126) vs 
chromacef 10 ms intermediate time domain spectrum (left) and corresponding 

distance domain (right) DEER spectrum (X-Band). 

The DEER data for CcrA*(49/233) parallel those for 

CcrA*(49/126) very closely (Figure 4). The mean values of the 

interspin distance distributions are indistinguishable, although the 

widths of the dominant distributions for the resting and product-bound 

states are very narrow [σ(r) ≈0.3 nm]. Uniquely among the spin-

labeled CcrA variants, the distance distribution for the resting state is 

as narrow as for the product complex. The observed distribution 

widths for the catalytic intermediate distances are much larger than for 

the other species, though the width of the longer distance cannot be 

https://doi.org/10.1007/s00775-015-1244-8
http://epublications.marquette.edu/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F4/
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taken as reliable [σ(r) ≈ 1.0 nm for r = 2.5 nm; σ(r) ≈ 0.6 nm for r = 

3.7 nm]. There is some resolution of the 2.5 nm peak in the distance 

domain spectrum of the CcrA*(49/233) catalytic intermediate, 

suggesting distinct distances at 1.9, 2.5, and 2.9 nm; the resolution of 

the 1.9 and 2.5 nm distances is within the resolution limit whereas the 

resolution of the 2.5 and 2.9 nm distances is not. Minor populations 

with distances at 2.1 and 2.9 nm also appear in the spectra of the 

other CcrA*(49/233) species and are well within the resolution 

reliability limits of these spectra. 

 
Figure 4. DEER spectra of resting, 10 ms intermediate, and product analogs of doubly 

spin-labeled CcrA*(49/233) using a chromacef as a substrate. (Top) CcrA*(49/233) vs 
chromacef product and resting time domain spectra overlay (left) and corresponding 
distance domain DEER spectra overlay (right) (Q-Band). (Bot) CcrA*(49/233) vs 

chromacef 10 ms intermediate time domain spectrum (left) and corresponding 
distance domain (right) DEER spectrum (X-Band). 

https://doi.org/10.1007/s00775-015-1244-8
http://epublications.marquette.edu/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F4/
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Discussion 

Molecular modeling suggested that the interspin distances in the 

resting-state spin-labeled recombinant CcrA variants CcrA*(49/82), 

CcrA*(49/126), and CcrA*(49/233) are 3.0, 2.6, and 2.5 nm, 

respectively. The corresponding dominant distances obtained 

experimentally by DEER spectroscopy were 3.1, 2.5, and 2.5 nm, i.e., 

within 0.1 nm (1 Å) of those predicted. The distance distribution in 

resting CcrA*(49/82) was broad, consistent with the flexibility of the 

label at residue 82 that was identified by EPR (Figure S1). The 

dominant distance distribution in resting CcrA*(49/233) was narrow 

but subpopulations with distinct distances were also observed. These 

data are consistent with the EPR spectrum of CcrA*(49/233) showing 

partially restricted motion and, interestingly, suggest that the label at 

residue 49 on the loop is not the main determinant of distance 

distribution width and must, therefore, be under motional constraint. 

The distance distribution in CcrA*(49/126) is far greater than in 

CcrA*(49/233). One possible explanation that reconciles these 

observations is that rotation of the label on residue 49 translates the 

spin density along the 49–126 connecting vector but perpendicular to 

the 29–233 connecting vector; this seems entirely reasonable in the 

light of the modeled structure (Figure 5) and the fact that the two 

interspin vectors are essentially orthogonal. 

 
Figure 5. Proposed model with results of this study (Top). (PDB id: 2BMI) (Left) DEER 
distances from the spin label at position 49 to the spin labels at positions 82, 126 and 
233 spin labels in resting CcrA (Center) DEER distances from the spin label at position 
49 to the spin labels at positions 82, 126 and 233 in the CcrA + chromacef samples 
quenched at 10 ms. (Right) DEER distances from the spin label at position 49 to the 
spin labels at positions 82, 126, and 233 in the CcrA-chromacef product complexes. 

https://doi.org/10.1007/s00775-015-1244-8
http://epublications.marquette.edu/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#SD1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F5/
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Distances between the spin labels are shown with dotted lines, and proposed loop 

movement in the 10 ms intermediate shown with the dotted line with arrow. (Bot) 
Surface structure of CcrA (PDB id: 2BMI). Metal center shown in the red color and 
hairpin loop shown in the blue color. Figure generated using VMD51 software package 

in built surface representation option. 

Incubation of CcrA with substrate that allows the reaction to run 

to completion may be expected to generate a product complex under 

the conditions employed, where the concentration of chromacef was 

about 100 × Km. While we have not measured the KD for binding of 

hydrolyzed chromacef to CcrA, the KD for hydrolyzed nitrocefin binding 

to MβL L1 is >300 μM.54 Simulations of stopped-flow kinetic progress 

curves suggest weak binding of hydrolyzed nitrocefin or chromacef to 

all MβLs.24,54–56 Consistent with weak product binding, there was little 

evidence from DEER for product complex formation with either 

CcrA*(49/82) or CcrA*(49/233) other than the exhibition of narrower 

distance distributions in the product species. With CcrA*(49/126), the 

narrowing effect was more dramatic. Rotation of the spin label at 

residue 49 is expected to have a small effect on the 49–82 and 49–

233 distances whereas it will result in a large translation of the spin 

density along the 49–126 connecting vector. It is likely, therefore, that 

product interacts with the spin label on residue 49 to restrict rotation 

of the nitroxide, while the position of residue 49 corresponds to that in 

the resting enzyme. The larger width of the distance distribution in the 

product complex of CcrA*(49/82) can be tentatively assigned to 

motion of the label at residue 82. 

Of greatest interest are the data from the RFQ-trapped catalytic 

intermediates. Perhaps the simplest to interpret are the data from 

CcrA*(49/126), where the distance domain spectrum is entirely 

consistent with a dominant (65%) contribution from a species with an 

interspin distance of ≥ 3.7 nm and a smaller contribution exhibiting a 

distance that is consistent with the resting enzyme and/or the fully 

reacted enzyme. CcrA*(49/233) behaves in an analogous manner to 

CcrA*(49/126). Previous stopped-flow kinetic studies with CcrA (and 

other MβLs) showed that no detectable product is formed at 10 

ms,16,24,54,55,57–59 and it is, therefore, tempting to assign the shorter of 

the two distances in CcrA*(49/126) and (49/233) to unreacted 

enzyme, though it is entirely possible that a second intermediate is 

present, albeit one in which the distances between residues 49, and 

126 and 233, respectively, remain unchanged. Such an intermediate 

https://doi.org/10.1007/s00775-015-1244-8
http://epublications.marquette.edu/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R51
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R54
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R54
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R56
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R54
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R55
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R57
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R59
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may correspond to substrate forming an initial complex prior to loop 

movement and binding at the active site. With CcrA*(49/82), a 

population with r = 3.8 nm is observed, which corresponds to the 

loop-opened intermediate. An additional population is observed with r 

= 2.6 nm, which represents a change in the distance between residues 

49 and 82 but does not correspond to loop opening. The origin of this 

shorter distance is unclear but may be tentatively assigned to an 

additional pre-Michaelis intermediate that is associated with allosteric 

substrate recognition prior to loop opening and formation of the 

Michaelis complex at the active site, with concomitant movement of 

either or both the loop and the residue 82-bearing helix. Further 

studies with additional CcrA variants CcrA*(82/233) and 

CcrA*(82/126) are needed to identify any movement of residue 82, 

and additional work is necessary to confirm (or refute) and 

characterize the putative allosteric substrate recognition site. Control 

experiments have been carried out with the related L1 enzyme from S. 

maltophilia to determine the influence of the method of sample 

generation by RFQ on the DEER signal, using spin labeled variants in 

which distance changes would not be expected due to the reaction 

(Figure S2). The data indeed indicated the expected distances; 

although, the data quality were poorer with RFQ samples due to 

dilution of the spin-containing frozen aqueous suspension in the 

immiscible isopentane matrix.60 

Conclusion 

One can consider the labeled residues 82, 233, and 126 in CcrA 

as forming the base of a (distorted) tetrahedron with reside 49 at the 

apex and the metal center at the centroid (see Figure 1). The DEER 

data clearly identify a catalytically-competent species, which is formed 

upon incubation with substrate for a time that is short compared to the 

turnover time, in which the distances between residue 49 and residues 

82, 126, and 233 have increased by 0.7, 1.0, and 1.3 nm, respectively 

(Figure 5). Since previous NMR studies identified the loop, which 

contains residue 49, as being very flexible,33,34 the increases in 

distances are most likely due to movements of the loop, and residue 

49, away from the other residues. This corresponds to a movement of 

the spin label on residue 49, at the extremity of the hairpin loop, of 

0.94 nm (9.4 Å) away from the plane described by residues 82, 216, 

https://doi.org/10.1007/s00775-015-1244-8
http://epublications.marquette.edu/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#SD1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R60
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/figure/F5/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R33
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4733638/#R34
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and 233, and a further translation of 0.21 nm (2.1 Å) roughly along 

the direction from residue 233 towards residue 82. Thus the residue 

49 moves a net 0.92 nm (9.2 Å) away from the metal center during 

the catalytic reaction. It is important to note that we cannot 

unambiguously rule out contributions from movements of domains 

relative to each other to explain the distance increases. The additional 

distances observed in DEER are due to a small amount of the product-

bound species in the variant with the highest kcat, CcrA*(49/126), and 

are consistent with either or both unreacted enzyme and product 

complex in CcrA*(49/82) and CcrA*(49/233). 

Examination of the surface plot of CcrA (Figure 5) illustrates 

how well the mechanistic model provided by DEER complements the 

three-dimensional structure information. In the resting state, the 

active site is effectively guarded by the hairpin loop. This may be to 

prevent promiscuous reaction of metal-bound nucleophile with non-

substrate molecules that could otherwise diffuse into the active site. 

Substrate recognition appears to somehow trigger the DEER-observed 

retreat of the hairpin loop from the active site, allowing substrate 

access. Following reaction, the loop is reinstated, even in the product-

bound complex. 

Highlights 

• Invariant hairpin loop of the MβLs moves during catalysis 

• RFQ-DEER can be used to probe conformational dynamics of a loop 

during catalysis 

• Hairpin loop moves away from the active site during catalysis, in 

contrast to previous predictions 
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Abbreviations 

CcrA* refers to the site-directed variant CcrA:C155S 

CcrA*(49) refers to the site-directed variant CcrA:C155S/W49C 

CcrA*(49/82) refers to the site-directed variant; CcrA:C155S/W49C/N82C 

CcrA*(49/126) refers to the site-directed variant; CcrA:C155S/W49C/D126C 

CcrA*(49/233) refers to the site-directed variant; CcrA:C155SW49C/E233C 

DEER 
Double electron-electron resonance/pulsed electron-electron 

double resonance 

EPR Electron paramagnetic (spin) resonance 

MTSL 
(S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-

yl)methyl methanesulfonothioate) 

MβL metallo-β-lactamase 

RFQ Rapid freeze quench 
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Table S1. Primers used for mutagenesis. 

CcrA Mutant Forward Primer Reverse Primer 

C155S 5'-acggcatgcctctccaaagttattatttaggaggc-3' 5'-gcctcctaaataataactttggagaggcatgccgt-

3’ 

C155S/W49C 5'-gccgaaatcgaaggatgtggtatggtaccttccaa-3' 5'-ttggaaggtaccataccacatccttcgatttcggc-

3' 

C155S/W49C/N8

2C 

5'-

acaaacggaaatgctggtctgctgggtgacagactctttg-3' 

5'-

caaagagtctgtcacccagcagaccagcatttccgttt

gt-3' 

C155S/W49C/D1

26C 

5'-catacgcgaaccagatgacgatatgcctcgccaagga-3' 5'-

tccttggcgaggcatatcgtcatctggttcgcgtatg-

3' 

C155S/W49C/E2

33C 

5'-

tatggcggaaccgaactgatatgccataccaagcagatcgtg

aac-3' 

5'-

gttcacgatctgcttggtatggcatatcagttcggttcc

gccata-3' 
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Figure S1. Room temperature CW-EPR spectra of doubly spin-labeled A) 

CcrA*(49/82), B) CcrA*(49/126), C) CcrA*(49/233), D) CcrA, and E) CcrA*, 

after reacting with spin label as described in Experimental Procedures. 
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Figure S2. DEER spectra of doubly-spin labeled, spin-diluted T163C/K286C 

L1. Resting enzyme (Top), 10 ms RFQ intermediate (Middle) and thawed 

product (Bottom). 

 

 

Figure S3. “Raw” DEER data for doubly-spin labeled CcrA samples.  

 

 

 


