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Abstract
Bovine serum albumin (BSA) in D2O at 25 °C and pD 7.0 was found to catalyze the deuterium
exchange reactions of [1-13C]-glycolaldehyde ([1-13C]-GA) to form [1-13C, 2-2H]-GA and [1-13C,
2,2-di-2H]-GA. The formation of [1-13C, 2-2H]-GA and [1-13C, 2,2-di-2H]-GA in a total yield of
51 ± 3% was observed at early reaction times, and at latter times [1-13C, 2-2H]-GA was observed
to undergo BSA-catalyzed conversion to [1-13C, 2,2-di-2H]-GA. The overall second-order rate
constant for these deuterium exchange reactions is (kE)P = 0.25 M−1 s−1. By comparison, values of
(kE)P = 0.04 M−1 s−1 (Go, M. K., Amyes, T. L., and Richard, J. P. (2009), Biochemistry 48, 5769–
5778) and 0.06 M−1 s−1 (Go, M. K., Koudelka, A., Amyes, T. L., and Richard, J. P. (2010),
Biochemistry 49, 5377–5389) have been determined, respectively, for the wildtype- and K12G
mutant TIM-catalyzed deuterium exchange reactions of [1-13C]-GA to form [1-13C, 2,2-di-2H]-
GA. These data show that TIM and BSA exhibit a modest catalytic activity towards deprotonation
of α-hydroxy α-carbonyl carbon. It is suggested that this activity is intrinsic to many globular
proteins, and that it must be enhanced to demonstrate successful de novo design of protein
catalysts of reactions through enamine intermediates.
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The rate-acceleration calculated for an enzymatic reaction depends upon the choice of the
rate constant for the reference nonenzymatic reaction, and upon whether this rate constant is
compared with kcat (s−1) or kcat/Km (M−1 s−1) for the enzymatic reaction. For example, the
ratio of the first-order rate constant kcat = 430 s−1 for chicken muscle triosephosphate
isomerase-catalyzed (TIM)1 isomerization of dihydroxyacetone phosphate (DHAP) at pH
7.0 and 30° C (1) and 2.1 × 10−7 s−1 for the solvent-catalyzed reaction at the same
temperature and pH gives a rate acceleration of ca 109-fold (2). On the other hand, a
comparison of second-order rate constants kcat/Km for isomerization of DHAP catalyzed by
TIM and kB for isomerization catalyzed by the tertiary amine quinuclidinone gives a rate
acceleration of ≈1010-fold (3). This is the approximate effect of the protein catalyst on the
activation barrier for deprotonation of DHAP by a small general base in water, which is
similar to the carboxylate anion side chain of Glu-165 that deprotonates enzyme-bound
DHAP (4–6).
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The rate acceleration for an enzymatic reaction might also be calculated as the ratio of the
second-order rate constants for the specific enzymatic and the nonspecific protein-catalyzed
reactions, when nonspecific protein catalysis is observed (7–11). This provides a measure of
the apparent effect on protein reactivity of evolution or de novo design of a specific catalytic
active site. We have reported a second-order rate constant of kcat/Km = 0.19 M−1 s−1 for the
TIM-catalyzed reactions of [1-13C]-glycolaldehyde ([1-13C]-GA] to form [2-13C]-GA,
[2-13C, 2-2H]- GA, [1-13C, 2-2H]-GA from reaction at the enzyme active site, and [1-13C,
2,2-di-2H]-GA from a nonspecific protein-catalyzed reaction (Scheme 1) (12). The K12G
mutation of yeast TIM causes a ca 105-fold decrease in kcat/Km for isomerization of the
physiological substrate D-glyceraldehyde 3-phosphate (GAP), but only a two-fold decrease
in the apparent kcat/Km for the reaction of [1-13C]-GA to 0.1 M−1 s−1. No isomerization
products [2-13C]-GA or [2-13C, 2-2H]-GA were observed from the K12G mutant TIM-
catalyzed reaction of [1-13C]-GA in D2O: the major reaction product is [1-13C, 2,2-di-2H]-
GA (13) from a nonspecific reaction. This and other evidence shows that a functioning
enzyme active site is not required for the TIM-catalyzed deuterium exchange reaction of
[1-13C]-GA (13). The results suggest that other proteins may show a modest catalytic
activity towards deprotonation of α-hydroxy α-carbonyl carbon.

Serum albumins are abundant plasma proteins that bind a wide variety of hydrophobic
molecules, and which catalyze several chemical reactions of small molecules (7–9,11). We
report here an apparent second-order rate constant of kE = 0.25 M−1 s−1 for bovine serum
albumin-catalyzed (BSA) reaction of [1-13C]-GA to form [1-13C, 2,2-di-2H]-GA, which is
similar to the value determined for the reactions catalyzed by wildtype and K12G mutant
TIM under the same conditions. We suggest that the real challenge to the design of enzymes
that catalyze deprotonation of α-carbonyl carbon is to obtain rate constants significantly
greater than the value of kE = 0.25 M−1 s−1 for the BSA-catalyzed reaction of [1-13C]-GA.

EXPERIMENTAL
Materials

Bovine serum albumin was from Roche. Glycolaldehyde (99% enriched with 13C at C-1 was
from Omicron Biochemicals. Deuterium oxide (99.9% D) and deuterium chloride (35% w/
w, 99.9% D) were from Cambridge Isotope Laboratories. Water was obtained from a Milli-
Q Academic purification system. Imidazole was recrystallized from benzene. All other
commercially available chemicals were reagent grade or better and were used without
further purification.

[1-13C]-GA (1 mL of a 90 mM solution in H2O) was reduced to a volume of ca. 100 µL by
rotary evaporation, 5 mL of D2O was added, and the volume was again reduced to ca. 100
µL by rotary evaporation. This procedure was repeated twice more and 900 µL of D2O was
added to the final solution to give a volume of 1 mL. The stock solution of [1-13C]-GA in
D2O was stored at room temperature to minimize the content of the glycolaldehyde dimer
(14). The concentration of [1-13C]-GA in the stock solution was determined by 1H NMR
spectroscopy, as described in earlier work (12,14).

1H NMR Analyses
1H NMR spectra at 500 MHz were recorded in D2O at 25 °C using a Varian Unity Inova
500 spectrometer that was shimmed to give a line width of ≤ 0.5 Hz for the downfield peaks
of the double triplet due to the C-1 proton of [1-13C]-GA hydrate. Spectra (16 – 64
transients) were obtained using a sweep width of 6000 Hz, a pulse angle of 90° and an
acquisition time of 4 – 6 s, with zero-filling of the data to 128 K. To ensure accurate
integrals for the protons of interest, a relaxation delay between pulses of 120 s (> 8T1) was
used. Baselines were subjected to a first-order drift correction before determination of
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integrated peak areas. Chemical shifts are reported relative to a value of 4.67 ppm for HOD
at pD 7.0.

BSA-Catalyzed Reaction
The concentration of BSA was calculated using a value of 44,000 M−1 cm−1 for its molar
extinction coefficient (15). BSA [ca 70 mg/mL] was dissolved in 30 mM imidazole (20%
free base) at pD 7.0, I = 0.1 (NaCl) and the solution was dialyzed at 4 °C against 30 mM
imidazole buffer (20% free base, pD 7.0) in D2O at I = 0.1 (NaCl). The BSA-catalyzed
reaction of [1-13C]-GA in D2O was initiated by adding 0.18 mL of BSA (ca. 42 mg/mL) in
30 mM imidazole buffer (20% free base, pD 7.0) at I = 0.1 (NaCl) in D2O to 0.57 mL of a
buffered solution of [1-13C]-GA in D2O to give final concentrations of 20 mM [1-13C]-GA,
20 mM imidazole and 0.15 mM BSA at pD 7.0 and I = 0.1 (NaCl). This solution was
transferred to an NMR tube, and the 1H NMR spectrum at 25 °C was recorded immediately
(32 transients). 1H NMR spectra were then recorded periodically over a period of 120 h. The
fraction of the remaining substrate [1-13C]-GA (fS) and the fraction of [1-13C]-GA converted
to the identifiable products [1-13C, 2-2H]-GA and [1-13C, 2,2-di-2H2]-GA (fP) were
determined from the integrated areas of the relevant 1H NMR signals, and using the signal
due to the C-(4,5) protons of imidazole as an internal standard, as described in previous
work (14,16,17).

The observed first-order rate constant, kobsd, for the disappearance of [1-13C]-GA was
determined as the slope of the linear semi-logarithmic plot of reaction progress against time
(eq 1). The second-order rate constant for the BSA-catalyzed reactions of [1-13C]-GA was
calculated using eq 2, where fcar = 0.061 is the fraction of GA present in the reactive
carbonyl form (14) and [E] = 1.5 × 10−4 M is the concentration of BSA.

(1)

(2)

RESULTS
The disappearance of the C-2 hydrogen of [1-13C]-GA hydrate in D2O at pD 7.0 (20 mM
imidazole) and 25 °C in the presence of 1.5 × 10−4 M bovine serum albumin (BSA) was
monitored by 1H NMR spectroscopy for 120 h, at which time only 14% of fully hydrogen-
labeled [1-13C]-GA remained. The time course for this reaction (not shown) showed a good
fit to a linear correlation (eq 1) with a slope of kobsd = 4.5 × 10−6 s−1. The second-order rate
constant for the BSA-catalyzed reactions, calculated from eq 2, is (kE)obsd = 0.49 ± 0.02
M−1s−1.

Figure 1 shows portions of the 1H NMR spectrum at 500 MHz of the reaction mixture
obtained after the 120 h reaction of [1-13C]-GA (20 mM) in the presence of 0.15 mM BSA
in D2O at pD 7.0 and 25 °C. Under our reaction conditions GA exists as 93.9% in the
hydrated form and 6.1% in the free carbonyl form (14,18). The following chemical shifts
refer to the hydrates of the isotopomers shown in Chart 1.

The signals due to the C-2 protons of [1-13C]-GA appear as a double doublet at 3.410 ppm
(2JHC = 3 Hz, 3JHH = 5 Hz) (Figure 1A) (12). The TIM-catalyzed incorporation of
deuterium into [1-13C]-GA to give [1-13C, 2-2H]-GA results in an upfield shift of 0.021 ppm

Go et al. Page 3

Biochemistry. Author manuscript; available in PMC 2011 September 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for the signal for the remaining C-2 proton of this compound, due to the perturbation of the
chemical shift by the α-deuterium (19–21). The signal for the C-2 proton of [1-13C, 2-2H]-
GA appears as a multiplet on the upfield edge of the signal for the C-2 protons of [1-13C]-
GA (Figure 1A). This is a poorly resolved double double triplet, as a result of a three-bond
HH coupling (J = 5 Hz), a two-bond HC coupling (J = 3 Hz) and a two-bond HD coupling
(J ≈ 2 Hz) (12). The signal due to the C-1 proton of [1-13C]-GA appears as a double triplet
at 4.945 ppm (1JHC = 163 Hz, 3JHH = 5 Hz) (Figure 1B) (12). The signal due to the C-1
proton of [1-13C, 2,2-di-2H]-GA appears as a broad doublet (1JHC = 163 Hz) at 4.930 ppm
that is shifted 0.015 ppm upfield from the double triplet due to the C-1 proton of [1-13C]-GA
as a result of the two β-deuteriums (Figure 1B) (12). The signal for the C-1 proton of [1-13C,
2-2H]-GA appears as a broad double doublet at 4.940 ppm, shifted 0.005 ppm upfield of the
double triplet due to the C-1 proton of [1-13C]-GA as a result of the single β-deuterium (12).
However, this signal is not resolved from the signals for the C-1 protons of [1-13C]-GA and
[1-13C, 2,2-di-2H]-GA.

The fraction of [1-13C]-GA converted to [1-13C, 2-2H]-GA and [1-13C, 2,2-di-2H2]-GA (fP)
was determined from the integrated areas of the relevant 1H NMR signals, as described in
earlier work (12). Figure 2 shows the change, with time, in the yields of the products [1-13C,
2-2H]-GA and [1-13C, 2,2-2H]-GA of the BSA-catalyzed reactions of [1-13C]-GA. The
average of the total yields of the products of deuterium exchange reactions of [1-13C]-GA
determined at five different reaction times, 51 ± 3%, is similar to the 56 ± 5% product yield
determined for the reaction of [1-13C]-GA catalyzed by K12G mutant TIM (13). However,
the mutant enzyme-catalyzed reaction gave only the dideuterium labeled product [1-13C,
2,2-di-2H2]-GA. No attempt was made to identify the other pathways for the reactions
[1-13C]-GA in the presence of BSA.

DISCUSSION
The loss of the signal for the C-2 hydrogen of [1-13C]-GA in D2O at pD 7.0 (20 mM
imidazole) and 25 °C in the presence of 1.5 × 10−4 M BSA was monitored by 1H NMR
spectroscopy. The reaction is first-order with a rate constant of kobsd = 4.5 × 10−6 s−1 and an
apparent second-order rate constant of (kE) = 0.49 ± 0.02 M−1 s−1 for the protein-catalyzed
reaction (eq 2). The two major products of the BSA-catalyzed deuterium exchange reaction
of [1-13C]-GA are [1-13C, 2,2-di-2H]-GA and [1-13C, 2-2H]-GA (Figure 2): the total yield of
these products is fp = 0.51 ± 0.03 and the second-order rate constant for the protein-
catalyzed deuterium exchange reactions is (kE)P = (0.49 M−1 s−1)(0.51) = 0.25 M−1 s−1

(Table 1). Both [1-13C, 2-2H]-GA and [1-13C, 2,2-di-2H]-GA are observed as products at
early reaction times, but at later times [1-13C, 2-2H]-GA is converted to [1-13C, 2,2-di-2H]-
GA (Figure 2).

The 37-fold larger second-order rate constant (kE)P = 0.25 M−1 s−1 for the BSA-catalyzed
deuterium exchange reaction of [1-13C]-GA compared with kB = 0.0065 M−1 s−1 for 3-
quinuclidinone-catalyzed deprotonation of glyceraldehyde (Table 1) (22) shows that the
protein catalyst provides a modest activation of α-hydroxy α-carbonyl carbon towards
deprotonation. The simplest reaction mechanism would proceed with direct deprotonation of
[1-13C]-GA by a basic side chain of BSA (23). However, the observation that dideuterium-
labeled product [1-13C, 2,2-di-2H]-GA appears with no discernible lag at early reaction
times (Figure 2) shows that monodeuterium-labeled 1-13C, 2-2H]-GA must remain bound to
BSA for a time sufficient to allow for a second deuterium exchange reaction. This
observation is difficult to reconcile with a simple noncovalent Michaelis complex, because
the complex between BSA and the small two carbon substrate GA is expected to be weak
and undergo fast dissociation.
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We suggest that the BSA-catalyzed deuterium exchange reaction proceeds through a
covalent Schiff base intermediate (Scheme 2). The substrate first forms a Schiff base to a
lysine side chain, which undergoes deuterium exchange through an enamine intermediate,
presumably promoted by a second basic side chain. The initially formed monodeuterium-
labeled Schiff base then undergoes base-catalyzed deuterium exchange to form [1-13C, 2,2-
di-2H]-GA at a rate that is competitive with hydrolysis of the Schiff base that releases
[1-13C, 2-2H]-GA from the protein (kex ≈ khyd, Scheme 2). The hydrogen exchange reaction
of perdeuterated acetone-d6 in H2O, catalyzed by diamines, proceeds directly to form
acetone labeled with multiple -H (24,25). This observation shows that rate of intramolecular
deprotonation of the acetone imine by a second tethered amine is competitive with the rate
of hydrolysis of the imine to release deuterium labeled product. It provides a nonenzymatic
precedent for Scheme 2.

The reaction of reducing sugars with protein lysine amino groups is one example of the
Maillard reaction, which proceed by complex pathways that are difficult to characterize and
give a large number of reactions products (26). It has been shown in a broader study of
Maillard reactions that the 170 h reaction between 20 mM GA and 100 µM BSA labels only
3% of total lysine as the Nε–carboxymethyl adduct (27) by an unknown reaction
mechanism. The observation of only a small change (≈ 3%, vide infra) in the concentration
of the free amino groups of the lysine side chains (27) shows that nearly all of the lysine
side-chains remain in the reactive amino form during our 120 h reaction of BSA with 20
mM [1-13C]-GA.

BSA and TIM-Catalyzed Reactions of [1-13C]-GA
The observed second-order rate constant for wildtype chicken TIM-catalyzed reactions of
[1-13C]-GA is (kE)obsd = 0.19 M−1 s−1 (12). The yield of [2-13C]-GA, [2-13C, 2-2H]-GA and
[1-13C, 2-2H]-GA (Scheme 1) from the isomerization and exchange reactions of [1-13C]-GA
at the functional enzyme active site is ca 50%, the yield of [1-13C, 2,2-di-2H]-GA from the
dideuterium exchange reaction is ca 20%, and ca 30% of the reaction products could not be
identified. These data give (kE)P = (0.2)(0.19 M−1 s−1) ≈ 0.04 M−1s−1 (Table 1) as the
second-order rate constant for the protein-catalyzed reaction of [1-13C]-GA to form [1-13C,
2,2-di-2H]-GA (Table 1).

The observed second-order rate constant for the K12G yeast TIM-catalyzed reactions of
[1-13C]-GA is (kE)obsd = 0.11 M−1 s−1 (13). This mutation eliminates the products of the
specific isomerization and deuterium exchange reactions of [1-13C]-GA at the enzyme
active site (Scheme 1) (13). The yield of [1-13C, 2,2-di-2H]-GA from the protein-catalyzed
deuterium exchange reaction therefore increases from ca 20% for wildtype TIM to 56 ± 5%
for K12G mutant TIM. This shows that a functioning enzyme active site is not required to
observe protein-catalyzed reaction of [1-13C]-GA to form [1-13C, 2,2-di-2H]-GA. The
second-order rate constant for the K12G TIM-catalyzed reaction of [1-13C]-GA to form
[1-13C, 2,2-di-2H]-GA, (kE)P = (0.56)(0.11 M−1 s−1) = 0.06 M−1s−1, is similar to (kE)P ≈
0.04 M−1 s−1 determined for the reaction catalyzed by wildtype TIM (Table 1).

By comparison, the second-order rate constant of (kE)P = 0.25 M−1 s−1 for the BSA-
catalyzed deuterium exchange reaction of [1-13C]-GA in D2O to form [1-13C, 2-2H]-GA and
[1-13C, 2,2-di-2H]-GA is (4–6)-fold larger than the rate constants for the reactions catalyzed
by wildtype and K12G mutant TIM (Table 1). The larger rate constant may be due to the
larger number of total lysines residues at BSA (60 residues) compared to a chicken TIM
monomer (22 residues). We note, however, that nothing is known about the reactivity of
these individual amino side chains and that it is possible that deuterium exchange is due to
the reaction of one or a few "activated" lysine acid side chains at TIM and/or BSA. In this
regard, there is good evidence that the BSA-catalyzed rearrangement of 5-
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nitrobenzyisoxazole to 4-nitrosalicylonitrile (Scheme 3) is initiated by deprotonation of the
substrate by the basic side-chain of a single Lys-220 (9). The high apparent reactivity of this
lysine was proposed to be due to its placement at a hydrophobic pocket (28), which was
assumed to bind the substrate with Kd ≈ Km = 0.72 mM (9).

There is a larger initial yield of the monodeuteriated product [1-13C, 2-2H]-GA from the
BSA-catalyzed reaction of [1-13C]-GA in D2O (ca 20%, Figure 2) compared with the
nonspecific TIM-catalyzed reactions (no [1-13C, 2-2H]-GA detected) (12,13). This shows
that the iminium ion intermediate(s) of the BSA-catalyzed reactions undergo deuterium
exchange (kex, Scheme 2) and hydrolysis (khyd) with similar rate constants, but that (kex ≫
khyd) for the reaction of the iminium ion intermediate of the nonspecific reactions of TIM
with [1-13C]-GA.

Concluding remarks
BSA-catalyzes not only the reactions of substrates that bind to a hydrophobic site at the
protein (Scheme 3) (9–11), but also deprotonation of the small and relatively hydrophilic
substrate GA. We have not investigated the origin of the catalytic power of BSA towards
deprotonation of [1-13C]-GA, but note that it was shown in earlier studies on small molecule
catalysts that diamines act as bifunctional catalysts of hydron exchange and that formation
of the iminium ion adduct results in multiple intramolecular amine-catalyzed hydron
exchange reactions through an enamine intermediate, at a rate that is faster than hydrolysis
of the iminium ion to regenerate the ketone and diamine (24,29). We suggest, similarly, that
these protein-catalyzed reactions are due to the action of amino side chain of lysine and a
second neighboring basic amino acid side chain.

Protein designers sometimes claim success when they observe so-called large rate
accelerations for their designed catalysts, but these claims ignore the relatively large
intrinsic catalytic activities sometimes observed for globular proteins. We note here that the
second-order rate constant (kE)P = 0.25 M−1 s−1 for the BSA-catalyzed deuterium exchange
reaction of [1-13C]-GA is similar to second-order rate constants reported for catalysis of
retroaldol cleavage reactions by small peptides (30) and by a computationally designed
protein catalyst (31,32) through enamine reaction intermediates. We suggest that the
relatively high intrinsic catalytic activity of proteins towards deprotonation of [1-13C]-GA
should serve as the reference point in calculating the rate acceleration for computationally
designed catalysts of reactions of α-carbonyl carbon through enamine reaction
intermediates. It would therefore be useful to include with reports of de novo design of new
catalytic activities, a control experiment to compare the kinetic parameters for the designed
protein catalyst with the parameters for the jack-of-all-trades protein catalyst BSA.
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Figure 1.
Portions of the 1H NMR spectrum at 500 MHz of the reaction mixture obtained from the
reaction of [1-13C]-GA (20 mM) for 120 h in the presence of 0.15 mM BSA in D2O at pD
7.0, 25 °C and I = 0.10 (NaCl). A - The spectrum in the region of the C-2 hydron(s) of the
isotopomers of GA hydrate; B - The spectrum in the region of the C-1 hydron of the
isotopomers of GA hydrate.
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Figure 2.
Time course for the formation of products of the reaction of [1-13C]-GA (20 mM) in the
presence of 0.15 mM BSA in D2O at pD 7.0, 25 °C and I = 0.10 (NaCl), where fP is the
fractional yield of the product at the given reaction time. Key: (◆), fractional yield of
[1-13C, 2,2-di-2H]-GA; (●), fractional yield of [1-13C, 2-2H]-GA.
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Scheme 1.
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Scheme 2.
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Scheme 3.
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Chart 1.
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Table 1

Kinetic Parameters for Protein-Catalyzed Reactions of [1-13C]-GA in D2O to form [1-13C, 2-2H]-GA and
[1-13C, 2,2-di-2H]-GA at 25 °C and pD 7.0.

Catalyst (kE)obsd

(M−1 s−1) a
fP

b (kE)P

(M−1 s−1) c

Wildtype
Chicken TIM d

0.19 ≈ 0.2 ≈ 0.04

K12G
Chicken TIM e

0.11 ± 0.005 0.56 ± 0.05 0.06 ± 0.006

BSA f 0.49 ± 0.02 0.51 ± 0.03 0.25 ± 0.02

0.0065 M−1 s−1 g

a
The observed second-order rate constant for the protein-catalyzed reactions of [1-13C]-GA. The second-order rate constants for catalysis by TIM

are calculated for one monomer of this dimeric enzyme. The quoted errors are the standard deviation of linear correlations of reaction progress
against time.

b
The fractional yield of the products from the protein-catalyzed reactions of [1-13C]-GA. This is the average of the product yields determined at 3–

5 different reaction times.

c
The second-order rate constant for the protein-catalyzed deuterium exchange reactions of [1-13C]-GA: (kE)P = fP(kE)obs.

d
Data from reference (12)

e
Data from reference (13).

f
This work.

g
The second-order rate constant for general base-catalyzed deprotonation of glyceraldehyde by 3-quinuclidinone (22).
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