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TABLES 

 

Table S1: Steady state kinetic parameters for UAA-labeled LgtC. 

 c UDP-Gal d Lactose 

 Km (µM) kcat (s-1) kcat / Km 
(µM-1 s-1) Km (mM) kcat (s-1) kcat / Km 

(mM-1 s-1) 

CF3Phe-labeled LgtC-F132X a 14 33 2.4 29 35 1.2 

O13CH3Phe-labeled LgtC-F132X a 10 29 3.1 14 40 2.8 

WT LgtC a 19 46 2.5 - - - 

WT LgtC b 29 16 0.6 101 23 0.2 

a Kinetic assays carried out with protein in 20 mM HEPES, 50 mM KCl, 15 mM MnCl2, 0.5 mM 

NADH, 0.1% bovin serum albumin (BSA), 0.7 mM phosphoenolpyruvate (PEP), 5 mM DTT, 

2.7 units lactate dehydrogenase (LDH), 2.2 units pyruvate kinase (PK) at pH 7.5 and 30 °C, as 

described previously.1 
b As above except at  25 °C (reproduced from Table 1 of Chan et al., 20121) 
c Data for sugar donor UDP-Gal in the presence of 160 mM acceptor lactose. 
d Data for sugar acceptor lactose in the presence of 10 mM donor UDP-Gal. 
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1: Suggested reaction mechanisms followed by the retaining glycosyltransferase LgtC: 

(A) double displacement SN2 (bimolecular nucleophilic substitution) with two sequential Walden 

inversions and covalent glycosyl-enzyme intermediate, (B) SNi-like, and (C) SNi. The latter 

"internal return" nucleophilic substitutions involve a front-side attack to yield net retention of 

stereochemistry at the donor anomeric carbon. Based on extensive kinetic analyses and 

molecular stimulations,2-6 LgtC appears to follow the SNi-like mechanism involving a short-lived 

oxocarbenium ion-like intermediate with stabilization by the UDP leaving group phosphate. (A: 

general acid; Nuc: nucleophile; adapted from Lairson et al.7) 
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Figure S2: Methyl-TROSY-based pulse sequence for the measurement of conformation 

exchange via transfer of HzCz magnetization. Narrow (or wide) pulses have flip angles of 90o (or 

180o) degrees and τa = 1.8 msec. The first proton pulse is 6.8 msec Eburp1 90o applied at the 

frequency of water. Afterwards, the 1H transmitter frequency is shifted to the middle of methyl 

region (0.9 ppm). The 13C transmitter frequency is at the middle of the methyl region (19 ppm). 

The phase cycles are φ1 = x, -x; φ 2 = 2(x), 2(-x); φ 3 = 4(x), 4(-x); and Receiver = x, 2(-x), x, -x, 

2(x), -x. The durations and strengths of the gradients (with trapezoidal shapes) are g1 = 1 ms, 14 

G/cm; g2 = 500 µs, 18.8 G/cm; g3 = 1 ms, 28.1 G/cm; g4 = 600 µs, 22.5 G/cm. This pulse 

sequence was provided by Dr. Lewis Kay (Univ. Toronto) and is described in Sprangers et al. 8 
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Figure S3: Analysis of the slow exchange between the "a" and "b" forms of Ile129. The above 

figure is reproduced from Figures 5D and 5E of the main text. The original spectra were 

processed in NMRPipe with Lorentzian-to-Gaussian apodization, and the nlinLS routine 

(http://spin.niddk.nih.gov/NMRPipe/ref/prog/nlinls.html) used to extract heights (or 

equivalently, volumes) and rms errors of Gaussian peaks, best fit for each signal over the entire 

time series.9 The resulting heights of the auto peaks (Ia(t) and Ib(t) for the "a" and "b" methyl 

signals, respectively) and exchange peaks (Iab(t) and Iba(t) for the "a→b" and "b→a" signals, 

respectively) were analyzed according to the following equations from Farrow et al.:10 

I! t   = I! 0    − 𝜆! −   r!   𝑒!!!!   +    𝜆! −   r!   𝑒!!!!   /   𝜆!   −   𝜆!    

I! t   = I! 0    − 𝜆! −   r!   𝑒!!!!   +    𝜆! −   r!   𝑒!!!!   /   𝜆!   −   𝜆!  

I!" t   = I! 0      −k!"  𝑒!!!!   +     k!"  𝑒!!!!   /   𝜆!   −   𝜆!  

I!" t   = I! 0        −k!"  𝑒!!!!   +     k!"  𝑒!!!!   /   𝜆!   −   𝜆!  
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where 

𝜆!,!   =    𝑟!   +   𝑟!   ±    𝑟!   −   𝑟!   ! +   4k!"k!" !/! /2 

and ra = Ra + kab and rb = Rb + kba. Here, Ra and Rb are the effective relaxation rate constants of 

the HzCz two-spin longitudinal coherences of the "a" and "b" states, and kab and kba are the rate 

constants for the conformational exchange. Ideally, Iab(t) = Iba(t) and the equilibrium constant for 

two-site exchange Keq = Ia(0) / Ib(0) = kba / kab. However, due to differential relaxation (Ra ≠ Rb) 

over the time course of the pulse sequence and insufficiently long recovery delays, peak heights 

may not reflect equilibrium populations. Therefore, using Prism GraphPad, the auto and 

exchange peaks (weighted by the nlinLS rms height errors of ~2.65 x 105
, shown as error bars in 

panel E and smaller than the symbols in D) were simultaneously non-linearly least squares fit to 

obtain 6 independent parameters, tabulated below. 

Parameter Best fit value Standard error 95% confidence intervals 

kab 0.12 s-1 0.029 s-1 0.060 to 0.18 s-1 

kba 0.16 s-1 0.039 s-1 0.081 to 0.24 s-1 

Ia(0) 1.73 x 108 1.54 x 106 1.70 x 108 to 1.76 x 108 

Ib(0) 1.29 x 108 1.54 x 106 1.26 x 108 to 1.32 x 108 

Ra 1.65 s-1 0.052 s-1 1.54 to 1.76 s-1 

Rb 1.61 s-1 0.069 s-1 1.46 to 1.75 s-1 

 

Although not constrained, it is noteworthy kba / kab = 1.33 and Ia(0) / Ib(0) = 1.34 as Ra ~ Rb.  The 

errors, which reflect fit precision, are determined from standard algorithms using the residuals 

and the covariance matrix (e.g., see http://graphpad.com/guides/prism/6/curve-fitting/).  
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Figure S4: The 19F-NMR spectra of (A) free CF3Phe and CF3Phe-labeled apo proteins: (B) 

LgtC-F132X, (C) LgtC-Y186X, and (D) LgtC-A249X. Two signals (“a” and “b”) are observed 

for each protein sample, indicative of at least two conformational states detectable by the 19F 

reporter nuclei at three side-chain positions in LgtC. The differences in the "a" versus "b" peak 

intensity ratios for the three LgtC samples suggests that the observed conformational 

heterogeneity is more complex than a simple two-state equilibrium. 
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Figure S5: (A) Overlaid 15N-TROSY-HSQC spectra of 15N-labeled LgtC-Q189E (red, green) 

and wild-type LgtC (grey, yellow). The aliased peaks (yellow, green) result from the reduced 15N 

spectral width. The spectra indicate that LgtC-Q189E adopts a wild-type-like structure, yet 

significant spectral perturbations also suggest conformational perturbations due to the Q189E 

point mutation. The 15N-TROSY-HSQC spectrum of wild-type LgtC has only been partially 

assigned. (B-D) Overlaid spectra comparing apo LgtC-Q189E (red, aliased peaks in green), its 

binary complex with UDP-2FGal•Mg2+ (green), and its covalent glycosyl-enzyme intermediate 

LgtC-Q189E-Gal (blue, aliased in yellow) show chemical shift perturbations due to donor analog 

binding and covalent modification of Asp190, respectively. ESI-MS analysis of apo LgtC-

Q189E indicates the presence of some glycosyl-enzyme intermediate. The spectrum of LgtC-

Q189E-Gal was recorded 15 minutes after incubation with UDP-Gal•Mg2+ in the presence of 

pyruvate kinase and phosphoenolpyruvate to deplete UDP and thereby enrich the covalent 

intermediate. 
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Figure S6: Comparison of methyl-TROSY spectra of wild-type LgtC and the LgtC-Q189E 

mutant. Shown are spectra of the apo forms of (A) wild-type LgtC and (B) LgtC-Q189E 

separately and (C) overlaid. The spectra indicate that the two proteins are similar except for two 

unassigned peaks (U1 and U2) are observed in mutant. ESI-MS analysis of apo LgtC-Q189E 

indicates the presence of some glycosyl-enzyme intermediate. Also shown are spectra of the 

binary complexes of (D) wild-type LgtC with 1 mM UDP-2FGal and 10 mM Mg2+ and (E) 

LgtC-Q189E with 20 mM UDP-Gal and 10 mM Mg2+. Since hydrolysis of the natural substrate 

might occur with LgtC-Q189E, the reaction was incubated for only 10 min. before spectra 

acquisition. When overlaid (F), chemical shift perturbations are seen which may reflect 

differences between the two sugar donors, structural differences between the proteins, and the 

possible presence of some covalently-modified LgtC-Q189E-Gal. A higher population of the 

LgtC-Q189E-Gal covalent glycosyl-enzyme intermediate was generated by addition of 50 mM 

phosphoenolpyruvate (PEP) and 15 units of pyruvate kinase (PK) to deplete any UDP, and its 

spectrum is shown in (G). Spectral comparison (H) reveals that the latter contains a single 

population of modified species, whereas the starting binary complex is heterogeneous. The 

spectra of LgtC-Q189E were assigned based on peak overlap with those of the wild-type protein. 
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Figure S7: ESI-MS spectra of 15N-labeled  (A) LgtC-Q189E and (B) LgtC-Q189E-Gal. The 162 

Da mass difference between peaks is consistent with a covalently-linked galactose. Note that the 

initial LgtC-Q189E appears partially modified possibly due to endogenous UDP-Gal in the E. 

coli expression cells. The LgtC-Q189E-Gal was formed by addition of 20 mM UDP-Gal, 10 mM 

MgCl2, 50 mM phosphoenolpyruvate and 15 units of pyruvate kinase to deplete any UDP. 
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