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Abstract

We investigate how isotopic labeling of the enzyme lactate dehydrogenase (LDH) affects its 

function. LDH is of special interest because there exists a line of residues spanning the protein that 

are involved in the transition state (TS) of the chemical reaction coordinate (so-called promoting 

vibration). Hence, studies have been carried out on this protein (as well as others) using labeled 

protein (so-called heavy protein) along with measurements of single turnover kcat yielding a KIE 

(=kcat
light/kcat

heavy) aimed at understanding the effect of labeling generally and more specifically 

this line of residues. Here, it is shown that 13C, 15N, and 2H atom labeling of hhLDH (human 

heart) affects its internal structure which in turn affects its dynamics and catalytic mechanism. 

Spectral studies employing advanced FTIR difference spectroscopy show that the height of the 

electronic potential surface of the TS is lowered (probably by ground state destabilization) by 

labeling. Moreover, laserinduced T-jump relaxation kinetic spectroscopy shows that the 

microsecond to millisecond nuclear motions internal to the protein are affected by labeling. While 

the effects are small, they are sufficient to contribute to the observed KIE values as well or even 

more than promoting vibration effects.
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INTRODUCTION

An outstanding and important issue in understanding enzymatic catalysis is how atomic 

motions within the protein–ligand complex affect function. Recently, the expression and 

purification of “heavy enzymes”, where some or all amino acids are labeled with isotopes 

like 13C, 15N, and 2H, was devised by the Schramm lab1–8 to study how the mass-induced 

changes to protein dynamics affect enzyme catalysis. Measurements often entail a 

determination of kcat (single turnover to capture the chemical event as much as possible) of 

the light enzyme and that of the heavy enzyme, thereby determining the induced kinetic 

isotope effect (KIE = kcat
light/kcat

heavy). Any differences in the reaction rate between light 

and heavy enzymes are due to mass-induced changes in enzyme motions and structure, 

ranging from fs bond vibrations to ms protein domain movements. In this report, we 

characterize how isotopic labeling affects protein dynamics in LDH.

Heavy and light forms of human heart LDH (hhLDH) were investigated via studies 

involving H/D primary isotope effects (where the hydride transfer NADH hydrogen is 

stereospecifically labeled with a deuteron; see Figure 1) as well as the solvent isotope effects 

on kcat.7 LDH is of special interest, since it has been established that a line of protein 

residues spanning across the enzyme participate in its TS coordinate.8,9 This provides a ca. 

50–200 cm−1 (i.e., fs time scale) “squeezing” motion, bringing the two interacting molecules 

closer together at the TS to carry the system from substrate side to product side.9,10 Since 

the enzymic mechanism of LDH involves the tight packing of substrates at the active site,11 

it is expected that such a squeezing motion affects catalysis in LDH. The fs motion has been 

termed a “promoting vibration” for obvious reasons. It is also expected that isotopic labeling 

of the protein would result in a small change in the frequency of the promoting vibration. 

Single turnover measurement of kcat involving contrasting light and heavy protein found a 

small light vs heavy KIE in single turnover kcat studies of 1.05 (pH 5.8) for the pyruvate to 

lactate direction.

However, there are two other mechanisms other than the fs promoting vibration that could 

contribute to the measured KIE in LDH. Labeling of the protein could affect the electronic 

structure of the transition state by changing the barrier height. Pyruvate’s C=O stretch is 

sensitive to the electric fields at the active site (Figure 1), which contribute to the barrier 

energy. The C=O stretch can be determined employing isotope difference IR spectroscopy; 
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hence, the barrier height can be appraised. Second, microsecond to millisecond atomic 

motions within the protein may be modulated by protein isotope substitution. Previously, we 

developed a comprehensive kinetic model12 for the microsecond to millisecond steps that 

contribute to the value for LDH’s kcat. Many of these steps can be determined by T-jump 

relaxation spectroscopy, as developed in our lab. Hence, this factor can be assessed also.

We find that all three mechanisms contribute to the recently measured KIE of heavy versus 

light hLDH. This result is broadly in accord with the conclusions of ref 7 based on single 

turnover kcat studies.

MATERIALS AND METHODS

The preparation of both light and heavy forms of human heart (hh) LDH followed the 

protocol previously described by Wang and colleagues with one minor exception.2 The 

isotopically labeled hhLDH sample used in the present study was prepared in M63 minimal 

media in D2O supplemented with [U–13C6H7]glucose and [15N]NH4Cl. Measurement of 

total mass by ESI mass spectrometry of the labeled protein yielded a mass of 40748 au. This 

value is very close to the previously reported mass of 40807 au for the hhLDH sample 

prepared in the M63 D2O media supplemented with [U–13C6D7]glucose and [15N]NH4Cl.7 

Hence, our labeled hhLDH sample used in the present study, having a mass difference of 

less than 0.15%, is nearly identical to the sample prepared by Wang and colleagues and thus 

is termed heavy hhLDH herein.7 The reason for the mass difference is that the glucose 

media used to prepare the protein hhLDH was not deuterated, i.e., [U–13C6H7], while Wang 

et al. employed deuterated glucose [U–13C6D7]. All of the samples used herein were 

suspended in D2O, while those of Wang et al. were suspended in H2O; hence, the mass 

difference is essentially due to differences in nonexchangeable protons.

A Nicolet Magna 760 Fourier transform spectrometer was used to obtain FTIR spectra. 

Samples having 13C2- and 12C2 oxamate were loaded in two IR cells with CaF2 windows 

and 15 μm Teflon spacers at room temperature. The typical concentration of the enzyme was 

4 mN (i.e., 4 mM active sites) with a stoichiometric amount of NADH and oxamate. A 

difference spectrum is formed whereby the background IR spectra are nulled, leaving 

positive and negative going IR peaks for any vibrational mode that is frequency shifted by 

the label. The procedures for isolating isotope edited difference spectra are found in ref 13.

Absorption and fluorescence changes of NADH upon T-jump were recorded on our home-

built spectrometer. A detailed setup and procedure could be found in these papers.14,15 In the 

measurements, the sample was loaded into quartz cuvettes. The light beam for monitoring 

absorption changes and also for exciting the fluorescence, with a 2 mW incident power in a 

10 nm fwhm band centered at a wavelength of 365 nm, was produced by the Black-

LED-365 light source (Prizmatix, Southfield, MI), collimated and sharply (~0.7 mm 

diameter) focused in the center of the heated spot of the sample. The transmitted light was 

directed to a silicon PIN photodiode (Thorlabs, Newton, NJ) to record absorption changes at 

the given wavelength. On the other hand, fluorescence from NADH was passed through a 

458 nm narrow-band filter with a bandwidth of 40 nm fwhm and detected by a 

photomultiplier detector (Andover, Salem, NH).16
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RESULTS

It is difficult to study enzyme complexes with true bound substrates, and more often than not 

use is made of substrate mimics. For LDH, an excellent mimic for the substrate pyruvate is 

oxamate. Nevertheless, we have found that ternary complexes containing oxamate differ 

modestly in their dynamical behavior from those containing the true substrate pyruvate. As it 

turns out, it is possible to study the Michaelis complex for many mammalian isozymes of 

LDH. The reaction of pyruvate with NADH to lactate and NAD+ at neutral pH heavily 

favors the lactate direction. However, the on enzyme internal equilibrium constant for many 

mammalian LDHs is close to 1.

LDH ⋅ NADH ⋅ pyruvate
Keq ≅ 1

LDH ⋅ NAD+ ⋅ lactate LDH ⋅ NAD+ + lactate

Hence, large lactate concentrations can overcome the enthalpic component of the 

equilibrium, which favors the lactate side, and will drive the reaction toward pyruvate and 

NADH. By lactate titration with hhLDH·NAD at pH 7 and pH 5 (Figure 2), using NADH 

absorbance at 335 nm as the monitor for hhLDH·NADH·pyruvate formation, it is determined 

that ~35–40% of bound NAD are in the NADH form at pH 7 starting around 80 mM lactate 

(but only 10–15% are in the NADH form at pH 5). Thus, there is sufficient concentration of 

the pyruvate Michaelis complex to study pyruvate’s C2=O bond polarization by IR at pH 7.

IR Difference Spectroscopy Structural Studies.

We are interested in the C2=O stretch of pyruvate bound within the LDH·NADH·pyruvate 

complex. The spectrum of this vibrational mode can be isolated by employing isotope edited 

IR difference spectroscopy. The IR spectra of LDH·NADH·[12C2=O]pyruvate and separately 

LDH·NADH·[13C=O]-pyruvate are taken and differenced. In this way, the background IR 

spectra, protein modes for example, subtract out and the resulting difference spectrum 

contains just modes that have been tagged by the 13C2 isotope, chiefly the C2=O stretch. The 

subtraction must be performed with very high precision; the procedures employed in our 

difference spectrometer are detailed in ref 17.

Figure 3 shows the IR difference spectra of human heart LDH and its heavy analogue. The 

positive bands are from 12C2 pyruvate, and the negative bands are from 13C2 pyruvate. The 

dominant spectral feature for light and heavy hhLDH is a heterogeneously broadened 12C=O 

stretch band at, respectively, 1679.7 and 1678.8 cm−1. The 13C2 tag results in a ca. 40 cm−1 

downward shift of the C=O stretch and is evident in the figure with negative going bands at 

1638.3 cm−1 (light) and 1640.2 cm−1 (heavy). Comparing the protein-bound spectra to the 

solution spectra of pyruvate, the electrostatic interactions at the active site with the C=O 

bond downshift the stretch frequency some 28.5 cm−1 (from 1708.2 to 1679.7 cm−1).

We have shown in a study of phLDH that the phLDH·NADH·pyruvate Michaelis complex 

consists of an ensemble of multiple substates, as each C2=O IR band represents a metastable 

substate population (see ref 18). The present IR result for hhLDH is much the same as that 

found in the phLDH protein studies. This is expected, since the active site arrangements of 

residues are the same. Multiple pyruvate conformations having varying C2=O stretch 
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frequencies lie within the heterogeneously broadened bands at ca. 1679.7 and 1678.8 cm−1. 

This was shown for phLDH by careful curve fitting. Moreover, varying kinetic responses of 

C2=O identified species were found due to a rapid T-jump over the broad band with kinetics 

determined by single frequency IR absorbance changes. Careful kinetic studies showed that 

the substrates do not interconvert directly among each other but rather through an 

intermediate protein conformation(s) on the microsecond time scale.12,19 As shown below, 

the kinetic behavior of the hhLDH Michaelis complex differs somewhat compared to 

phLDH.

An unusual feature of the difference spectrum of Figure 3 is the peak at 1685.5 cm−1 in the 

light hhLDH·NADH·pyruvate spectrum; there is a virtually identical band in the pig heart 

spectrum. Careful analysis shows that this is NOT solely an isolated C2=O stretch.18 Strong 

interactions between pyruvate and NADH in the Michaelis complex result in mode coupling 

between pyruvate C2=O (1680 cm−1) and a ring mode of the nicotinamide group of NADH 

(1685 cm−1) even without a covalent bond between them. The coupling likely comes about 

from dipole–dipole interactions. Labeling of C2 in pyruvate shifts the C2=O stretch by ca. 

40 cm−1 but, very interestingly, also shifts the NADH ring mode by ca. 1 cm−1. Hence, the 
12C2=O stretch shows up near 1680 cm−1 in the difference spectrum, while the ring mode 

shows up at 1686 cm−1 in the 13C2 difference spectrum. This coupling is weakened by 13C/
15N/D2O hhLDH protein labeling, as shown by the reduced intensity of the 1685 cm−1 band. 

The prominent peak in the difference spectrum (Figure 3B) of light protein at 1662 cm−1 is a 

subtraction artifact, as shown in the Supporting Information.

Labeling hhLDH with 13C/15N/D2O results in small but reproducible changes in the isotope 

edited spectra of Figure 3. The major 12C=O stretch at 1679.7 cm−1 shifts down 0.9 cm−1 to 

1678.8 cm−1 in [13C/15N/D2O]hhLDH. The NADH ring mode shifts up from 1685.5 cm−1 

(light) to 1686.5 cm−1 (heavy). Moreover, the ring mode loses some modest, but quite 

reproducible, relative intensity in the [13C/15N/D2O]hhLDH spectrum. The major 13C=O 

stretch at 1638.3 cm−1 shifts up 0.9 cm−1 to 1640.2 cm−1 in [13C/15N/D2O]hhLDH protein. 

There is no shift in the weak band 1708.9 cm−1. This band is due to a small percentage (ca. 

5–10%) of pyruvate bound to LDH·NADH at a site removed from the active site.18 It is 

thereby weakly bound, showing only a small polarization of the 12C=O stretch and 

concomitant down shift compared to the that found in the solution spectrum.

Pyruvate’s C2=O stretch frequency shift upon pyruvate binding to LDH has been shown to 

be quantitatively correlated to its reactivity in the LDH catalyzed reaction.20 This is 

understood on physical grounds. The transition state of the LDH·NADH·pyruvate to 

LDH·NAD+·lactate conversion is essentially an enolate of the bound substrate. Pyruvate 

forms strong H-bonds with active site charged residues (see Figure 1), and these electrostatic 

bonds lower the ground state C2= O stretch in the Michaelis complex. This in turn brings the 

ternary complex structure closer to the transition state structure, which either stabilizes the 

transition state or destabilizes the ground state. Either way, this brings about an increase rate 

in the chemical event. The IR data for the human heart Michaelis complex C2=O stretch in 

Figure 3 consists of multiple conformations each with a somewhat different catalytic 

efficacy; this result is quite similar to that found for the pig heart isozyme.18
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Due to pyruvate 12C2=O stretch and NADH ring mode coupling, the 13C2=O bands are best 

used to determine the degree of polarization of the pyruvate C2=O bond in the Michaelis 

complex and the heavy enzyme isotope effect on this bond polarization. The pyruvate 
13C2=O stretch shifts from its solution value by 30 (1668–1638) cm−1 and 28 (1668–1640) 

cm−1, respectively, in the Michaelis complexes formed with light and heavy LDH. Hence, 

we can conclude that the TS electronic energy profile is slightly affected by protein labeling. 

There is an empirical relationship between hydride transfer rate and C=O stretch.20 The 

relationship given here varies somewhat from that given in ref 20, since we have used only 

data where the C=O stretch has been downshifted using isotope substitution, thus 

minimizing the coupling between the C=O moiety stretch and the NADH ring stretch. This 

yields

kcat = 10
0.0717 * ΔvC=O − 0.1268

where ΔνC=O is the downward shift in C=O stretch from solution in cm−1 and kcat is in s−1. 

It is easily observed from Figure 3 that the C=O stretch is considerably downshifted 

comparing pyruvate bound in the Michaelis complex compared to its solution value (from 

1708 to 1679 cm−1 for 12C=O stretch).

The basis21 for this relationship is that the stretch frequency is determined by electrostatic 

interaction between the C=O moiety and surrounding charged and polar residues. Based on 

this correlation, the heavy-enzyme-induced pyruvate 13C2=O frequency shift of 2 cm−1 

would corresponding to a heavyenzyme-induced KIE of 1.37 (37%) which is somewhat 

larger than the 5–11% HE-KIEs in the pH range observed between 4.3 and 5.8 by single 

turnover measurements.7 Importantly, this simple calculation shows that the effect of the 

active site interactions on the electrostatic potential surface is substantial.

Laser-Induced T-Jump Kinetic Studies.

Fast kinetic studies can be performed using relaxation spectroscopy.22 For the experiments 

here, hhLDH·NADH·pyruvate and hhLDH·NAD+·lactate equilibrium conditions similar to 

those employed for the IR difference studies above were utilized. In brief, the solution is 

irradiated with a laser-generated pulse of near IR light at a wavelength that is absorbed by 

weak water bands. This rapidly, within 100 ns, increases the temperature of the irradiated 

water by 8–15 °C. The changes in chemical species of the sample are measured as the 

system comes to a new equilibrium. Measuring the absorption of NADH, a monitor of the 

total concentration of NADH in its various complexes, and NADH fluorescence was 

employed to determine the dynamics of the chemical species. Because of the high 

concentrations of cofactor and protein, there is very little contribution to the signals from 

transients involving binding of free NADH to LDH and LDH·NADH binding pyruvate.23

Figure 4 shows the transients from NADH fluorescence taken at a final temperature of 

32 °C. NADH fluorescence is affected by two factors. One is that the conversion of LDH· 

NADH·pyruvate to LDH·NAD+·lactate, or the on-enzyme catalysis, decreases NADH 

fluorescence. The second is that NADH fluorescence is strongly quenched in the ternary 

LDH· NADH·pyruvate complex due to electron transfer between NADH and pyruvate that 
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takes place in the active site.24 Hence, the rising intensity of the transient fluorescence is 

interpreted as pyruvate leaving the tightly packed active site pocket, migrating to a still 

bound but more remote site.19 The rising transient is fit to a single exponential of 7.1 × 102 

and 7.7 × 102 s−1 for light and heavy protein, respectively.

Figure 5 shows the temperature dependence of the heavy and light rates; the dependences 

are fit to a linear function to aid in error analysis. The heavy enzyme data is consistently 

somewhat higher than the data from the light protein which would yield a KIE (rates of light 

over heavy) less than 1. The kinetic data shows quite high signal-to-noise ratio, as seen in 

Figure 4, and the values of the rates from the fits are very accurate (±0.35%). However, 

Figure 5 makes it clear that repeatability is less accurate, as can be observed by the small 

scatter in Figure 5. Taking the scatter as error, the root mean square deviation in the data is 

calculated to be ±14%. At 32 °C then, KIE = 0.86 (±0.12).

Figure 6 shows the kinetics of NADH absorption as the system relaxes to a final temperature 

of 32 °C. The kinetics are clearly biexponential: a fast phase at 9.3 × 103 s−1 and a slow 

phase at 4.3 × 102 s−1 for light hhLDH. The heavy LDH samples show similar transients at 

1.2 × 104 and 3.1 × 102 s−1. The absorption of NADH centered at 340 nm is little affected by 

whether NADH is complexed as a ternary or binary complex or whether it is in solution (the 

very large majority consists of the ternary complex under the conditions used here). Hence, 

the absorption changes monitor the total NADH concentration. An increase in temperature 

results first in a relatively fast slight decrease at 9.3 × 103 s−1 for the light sample in total 

NADH concentration and then a slower but larger amplitude increase at 4.3 × 102 s−1. The 

slow phase is close to the single turnover kcat for this protein.7 The overall results are similar 

to those found for phLDH except the fast phase showed an increase in absorption with time.
19,25 We have found in previous studies that the LDH·NADH·pyruvate complex consists of 

multiple species interconverting among each other. This gives rise to multiple pathways to 

the on-enzyme chemistry. In Figure 6, the optical absorption probe of NADH clearly yields 

two pathways. Both events are indicative of on-enzyme catalysis taking place with the slow 

phase resulting in an increase of LDH·NADH·pyruvate and the fast phase indicating loss.

Figure 7 shows the temperature dependence of the relatively slow phase heavy and light 

rates derived from a series of kinetic studies, as shown in Figure 6. In this case, there is a 

very clear difference between the heavy and light rates. The heavy samples show a near 

temperature independent rate, while the light enzyme has a strong temperature dependence. 

At 32 °C, the measured KIE for the slow rate is KIE = 5.0 × 102/3.1 × 102 = 1.6 (±30%) 

with the error estimated from the scatter in the plot. Figure 8 shows the temperature 

dependence of the relatively fast rate derived from a series of kinetic studies like that of 

Figure 6. At 32 °C, the measured KIE for the fast rate is 3.9 × 103/5.9 × 103 = 0.66 (±30%). 

The shape of the curve for LDH in Figure 8 is surprising. We speculate that this is brought 

about by the balance of hydrophobic/hydrophilic forces (see refs 23 and 28).

DISCUSSION

The catalytic attributes of so-called “heavy enzymes” are increasingly being used as a 

structural tool to understand enzyme mechanism. The isotopic labeling of enzymes, the most 

Egawa et al. Page 7

J Phys Chem B. Author manuscript; available in PMC 2020 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



extreme case being all 13C, 15N, and 2H atom labeling, has been shown to affect catalytic 

rates. In this paper, we focus on how protein isotopic labeling affects the catalytic 

mechanism in LDH. LDH is of special interest, since it has been established that a line of 

protein residues spanning across the enzyme participate in its TS coordinate.8,9 This 

provides a ca. 50–200 cm−1 (i.e., fs time scale) “squeezing” motion bringing the two 

interacting molecules closer together at the TS to carry the system from the substrate side to 

the product side.9,10 However, there are two other mechanisms other than the fs promoting 

vibration that could contribute to the measured KIE in LDH. We investigate changes in 

relatively slow (microsecond to millisecond) motions important to on-enzyme chemistry 

brought about by protein labeling. For LDH, we have shown that microsecond to 

millisecond motions within the LDH Michaelis complex contribute to the value of its single 

turnover kcat.12,19 Another factor is whether or not the energy surface of the TS is affected 

by labeling of protein. In some analyses, the electronic potential surface of the TS is 

assumed to be unaffected by protein labeling so that light and heavy protein have the same 

electronic potential surface and the same TS barrier. This is a standard assumption in 

considering how isotopic substitution affects vibrational frequencies. However, the C=O 

stretch of bound pyruvate varies between light and heavy protein, as shown in the difference 

IR spectra of Figure 3 (most cleanly monitored by pyruvate’s 13C=O stretch). This is strong 

evidence that the TS potential surface barrier is affected by labeling, at least for all 13C, 15N, 

and 2H atom labeling.

The Schramm group studied the human heart LDH catalytic properties via single turnover 

measurement of kcat contrasting light and heavy protein.7 They found a small pH dependent 

kinetic isotope effect of 1.05 (pH 5.8) to 1.11 (pH 4.3) for the pyruvate to lactate direction. 

One important issue is whether the single turnover measurements reveal the chemical step. 

Generally, the values of single turnover kcat for mammalian LDHs are dominated by 

relatively slow (microsecond to millisecond) internal motions of the protein within the 

Michaelis complex and thus mask the rate of the chemical step, in some cases completely 

dominating it.

Previously, we developed a detailed kinetic mechanism for phLDH at pH 7.2.12,18,19 

Simulations of stopped flow studies based on our kinetic model show that a single turnover 

study of phLDH, which is very close in structure and mechanism to hhLDH, yields a 

primary H/D (labeling of C4 of NADH by a deuterium) isotope of about 1.6, compared to 

around 6 expected of a pure hydride transfer event. The discrepancy is due to internal 

motions masking the chemical event. Given the kinetic complexity of the reaction pathway 

in LDH which our studies reveal, this approach to revealing how much of kcat is due to kchem 

is substantially more accurate than the usual method of deriving “commitment factors” that 

are dependent on a kinetic model in any case. The overall conclusion from the hhLDH study 

comparing primary isotope effects with the solvent isotope effect on the light and heavy 

proteins was that the observed KIE was probably the result of slow protein motions set up by 

fast fs to ps motions.7 Our studies expand upon all of these ideas in more detail, as discussed 

herein.

Much of the catalytic mechanism of LDH is well laid out. Perhaps most surprising is its 

kinetic complexity and dynamical disorder.11,12 It has long been known that protein 
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structure consists of a vast array, or ensemble, of conformational substates. These substates 

differ in both the positions of the atoms within each member of the ensemble as well as their 

essential dynamics. It has been established that each substate (as defined by a different C=O 

stretch of bound pyruvate) within the Michaelis complex of LDH has specific functional 

differences from the others.12 In addition, the collection of substates can exhibit different 

dynamics, interconverting among themselves on a broad range of time scales (from 

picoseconds to minutes or longer). For LDH, we have shown that three aspects of the 

Michaelis complex are needed to describe its mechanism: (1) the distribution of substates, 

(2) the interconversion dynamics among the substates, and (3) the propensity toward 

catalysis of each substate.11,25 For example, the C=O stretch of pyruvate bound within the 

LDH·NADH· pyruvate Michaelis complex is heterogeneously broadened (see, e.g., Figure 3 

and discussion) consisting of several conformations with each having a somewhat different 

stretch frequency.18 It has been shown that each conformation associated with a specific 

C=O stretch undergoes on-enzyme chemistry with a different rate.12

Quite some time ago, Holbrook et al.26,27 showed that the kinetic scheme for LDH catalysis 

is complicated (see, e.g., Figure 6). Our recent work developed a kinetic model that is more 

intricate than Holbrook’s but is the simplest one in agreement with all available data.12,19 To 

briefly summarize our model, after the binding of the pyruvate substrate to the LDH· 

NADH, the complex undergoes a stochastic hunt though phase space, leading to 

conformations that can undergo efficient chemistry and, from there, to the actual on-enzyme 

chemical event. The ligand is shuttled to the active site via first forming a weakly bound 

enzyme·ligand complex, probably consisting of several heterogeneous species. This 

encounter complex (ensemble of complexes) undergoes numerous conformational changes 

that shuttle the enzyme·substrate complex to a range of conformations where the substrate is 

tightly bound.16

It has been shown that the structure and/or dynamics of LDH’s substate ensemble can be 

modulated by osmolytes (i.e., urea and TMAO) which in turn results in different kcat and/or 

Km.28 Thermal adaptation of LDH thermophiles (from psychrophilics to mesophiles to 

extreme thermophiles) involves tuning the dynamical properties of the substate ensemble,25 

which tunes kcat and Km as appropriate. Most recently, we found that temperature affects the 

profile and architecture of the phLDH substate population, tuning both kcat and Km.28 The 

slow protein motions that contribute to kcat differ in kind from 20 °C to physiological 

temperature (37 °C).

The results herein show that the profile of hhLDH substate structure and dynamics are 

dependent on mass labeling of the protein. The C=O stretch frequency of bound pyruvate 

within hhLDH·NADH·pyruvate shows a difference in frequency comparing heavy and light 

hhLDH (Figure 3). Moreover, the internal dynamics are also dependent on the isotope 

composition of the protein and lead to functional differences. This is clearly shown in the T-

jump studies of the Michaelis complex measuring NADH absorption (Figure 6). These 

studies measure in part the kinetics of the on-enzyme conversion from the pyruvate side to 

the lactate side.12,19 Figures 7 and 8 show the rates depend on protein isotope composition, 

particularly at temperatures closer to physiological. Clearly, mass labeling of hhLDH affects 

the profile of its ensemble of interconverting protein substates.
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The makeup of the TS of LDHs consists largely of two factors.11,29–31 One is electrostatic 

interactions between the bound substrate and surrounding polar protein residues, chiefly 

between pyruvate’s C=O moiety and active site polar protein residues, e.g., His195 and 

Arg109 (see Figure 1). The other major structural factor is that the protein binding brings the 

two interacting substrates, NADH and pyruvate, in very close proximity and with correct 

alignment of key bonds for hydride transfer. Stronger active site packing of light protein 

compared to heavy at the active site is observed in the data of Figure 3. The ground state 

stretch frequency of pyruvate’s C=O bond is a sensitive monitor of its electrostatic 

environment. For LDH, the electrostatics at the active site bring about a significant 

downshift in the C=O stretch.20 In turn, catalysis rates are affected by this electrostatic 

environment.20,21,31 The size of the interaction is determined by the packing at the active 

site, and this shows up in the C=O stretch frequency with larger interactions yielding a larger 

downward shift in the stretch. Analysis of this suggests that a larger downward shift of the 

C=O stretch is concomitant with a smaller TS barrier, probably mostly through destabilizing 

the ground state.20,32 The intensity variation between light versus heavy of the NADH ring 

mode at ca. 1685 cm−1 is consistent with this. Packing at the active site for light protein is 

tighter than heavy protein, shown both by C=O stretch and the NADH ring mode.

CONCLUSION

Our results show that all 13C, 15N, and 2H atom labeling of hhLDH affects its internal 

structure which in turn affects its dynamics and kinetic mechanism. Our results allow some 

semiquantitative and qualitative discussion of accounting for a measured KIE (=kcat
light/

kcat
heavy) arising from labeling of protein nuclear coordinates. It is clear from the results that 

the active site arrangement of substrate and key residues is modified by protein labeling. In 

other words, labeling affects protein packing. The effect is fairly small but has sizable effects 

on kcat given the exponential dependence of kcat on the TS energy barrier. This factor alone 

is sufficient to account for the measured value of the KIE in kcat, as discussed in the Results. 

Part of the packing almost certainly comes about from the line of residues through the 

protein that are part of the TS coordinate that yield a “squeezing” motion on the substrates 

referred to as the promoting vibration. The motion has a frequency of about 200 cm−1 in the 

light protein and has therefore been called a promoting vibration, given that it should 

promote on-enzyme chemistry.9,10 It seems that this line of residues should also be viewed 

as a “promoting structure” in part responsible for the packing at the active site.31

The labeling also affects microsecond to millisecond internal motions in the protein. Figure 

7 shows the temperature dependence of the “slow” phase in the T-jump kinetics of NADH 

absorption kinetics of the hhLDH·NADH·pyruvate system. The kinetics of this transient 

represents the millisecond protein motion most coupled to single turnover measurements of 

kcat. At low temperature (ca. 20 °C), there is substantial scatter in the data, the average 

exhibiting very little contribution to light vs heavy KIE. The scatter makes it difficult to 

come to a definitive conclusion. However, there is much less scatter at physiological 

temperature, and there is a clear KIE of about 1.6 at 32 °C. Hence, the results suggest that 

the structure of the protein is modified by labeling away from the active site also in such a 

way that affects these important slower motions. Therefore, this factor would also contribute 
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to a noticeable KIE in kcat at physiological temperature if not lower (temperature 

dependence was not performed in ref 7).

It is perhaps not unexpected that the internal structure of LDH is affected by 13C, 15N, and 
2H atom labeling. The folded structure of proteins is known to be determined by a large 

number of small interactions between molecular groups. The heavy protein labeling could 

well affect the overall free energy of a folded protein through small disruptions to many of 

these interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Active site contacts of pyruvate and NADH (left) and lactate and NAD+ (right) bound to 

LDH with key residues as determined by X-ray crystallography. The chemical reaction 

catalyzed by LDH from the pyruvate side involves a concerted hydride transfer from NADH 

to the carbonyl carbon of pyruvate and a proton transfer from a protonated, conserved His 

residue to the carbonyl oxygen of pyruvate. The arrows indicate hydride or proton transfer as 

appropriate.
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Figure 2. 
By lactate titration with hhLDH and NAD at pH 7 and pH 5, using NADH absorbance at 

335 nm as the monitor for hhLDH· NADH·pyruvate ternary complex formation. Shown is 

the lactate titration at pH 7 from 5 to 191 mM. About 35–40% of bound NAD is in the 

NADH form at pH 7 when 80 mM lactate is reached. Only 10–15% are in the NADH form 

at pH 5. Thus, we are only able to study pyruvate C2=O bond polarization in the pyruvate 

side of the Michaelis complex by IR at pH 7. The initial concentrations of hhLDH and NAD
+ were 7 mM each. High enzyme and cofactor concentrations ensure that NADH species are 

bound within the ternary complex.
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Figure 3. 
Difference IR spectra of [12C]pyruvate minus [13C]pyruvate in (A) heavy 

hhLDH·NADH·pyruvate, (B) light hhLDH·NADH· pyruvate, and (C) pyruvate in solution. 

The starting concentrations of the reactants, enzyme, NAD, and lactate in parts A and B, 

were 7:7:80 mM. The prominent peak in the difference spectrum (panel B) of light protein at 

1662 cm−1 is a subtraction artifact, since (1) its relative intensity varies from run to run 

while the other bands do not and (2) the band is not present in the heavy protein spectrum. 

See also the Supporting Information. The protein background spectrum of nonlabeled (light) 

protein rapidly increases at this point but is downshifted for the labeled (heavy) protein.
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Figure 4. 
Kinetics NADH fluorescence of the hhLDH·NADH· pyruvate system described above 

subjected to a T-jump of about 10 °C and a final temperature of 33 °C. The blue trace 

corresponds to light hhLDH, while the red trace corresponds to heavy hhLDH. The starting 

concentration of the reactants, enzyme, NAD+, and lactate, were 0.4:0.4:500 mM. The light 

blue and pink curves, overlaid almost completely on the experimental curves, are the results 

of least-squares fits employing a single-exponential function. A second exponential 

accounting for sample cooling was included in the fit function and fixed at 142 s−1 (7 ms). 

The rising transient is fit to a single exponential of 7.1 × 102 and 7.7 × 102 s−1 for light and 

heavy protein, respectively.
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Figure 5. 
Temperature dependence of the heavy and light hhLDH rates as measured in studies like 

Figure 4. The dependences are fit to a linear function to aid in error analysis. The slope and 

intercept for heavy LDH are 39 ± 2.3 μs−1/°C and −47 ± 6.5 °C; for light LDH, they are 35 

± 1.7 μs−1/°C and −45 ± 4.8 °C, respectively.
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Figure 6. 
NADH absorption kinetics of the hhLDH·NADH·pyruvate system described above subjected 

to a T-jump of about 10 °C and a final temperature of 33 °C. The blue trace corresponds to 

light hhLDH, while the red trace corresponds to heavy hhLDH. Both the light and heavy 

data show a fairly strong artifact due to cavitation below 50 μs and thus are not shown. The 

small transient near 7 ms, especially in the light data, is due to thermal cooling of the 

sample. The light blue and pink curves, almost completely overlaid on the blue and red 

curves, respectively, are the results of least-squares fits employing a triple-exponential 

function, in which one exponent that was due to the cooling effect within the pump laser 

interaction volume was fixed (142 s−1; 7 ms) by experimental controls. Both kinetic 

responses are thus well fit by a double exponential: 9.3 × 103 and 1.2 × 104 s−1 for light 

versus heavy, respectively, and 4.3 × 102 versus 3.1 × 102 s−1 (light vs heavy). The starting 

concentrations of the reactants, enzyme, NAD+, and lactate, were 0.4:0.4:500 mM.
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Figure 7. 
Temperature dependence of the slow phase in the NADH absorption kinetics of the 

hhLDH·NADH·pyruvate system described above subjected to a T-jump of about 10 °C. KIE 

= 1.6 (±30%) at 32 °C.
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Figure 8. 
Temperature dependence of the “fast” phase in the NADH absorption kinetics of the 

hhLDH·NADH·pyruvate system described above subjected to a T-jump of about 10 °C. The 

KIE, light rate divided by heavy rate, for the fast rate is 3.9 × 103/5.9 × 103 (s−1) = 0.66 

(±30%) at 32 °C.
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