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Abstract
Protein motions that occur on the µs to ms timescale have been linked to enzymatic rates observed
for catalytic turnovers, but not to transition-state barrier crossing. It has been hypothesized that
enzyme motions on the fs time-scale of bond vibrations play a role in transition state formation.
Here we perturb fs motion by substituting all non-exchangeable carbon, nitrogen, and hydrogen
atoms with 13C, 15N, and 2H and observe the catalytic effects in HIV-1 protease. According to the
Born-Oppenheimer approximation, isotopic substitution alters vibrational frequency with
unchanged electrostatic properties. Using a fluorescent peptide to report on multiple steps in the
reaction, we observe significantly reduced rates in the heavy enzyme relative to the light enzyme.
A possible interpretation of our results is that there exists a dynamic link between mass-dependent
bond vibrations of the enzyme and events in the reaction coordinate.

Enzymes achieve rate enhancements as great as 1020 relative to uncatalyzed reactions.1
Despite this efficiency, the lifetime of a chemical turnover (the conversion of a bond
restoring mode to a bond translational mode) is approximately 10−12 the rate of an
enzymatic turnover.2 Large-scale protein conformational motions occur on the same
timescale (ms) as enzymatic turnovers and are necessary for substrate binding and product
release, but have also been linked to barrier crossing.3–6 However, more rapid motions (fs)
have been computationally linked to transition state formation.7–9 Our interpretation of this
dichotomy is that conformational motions on the ms timescale are too slow to be coupled to
chemical barrier crossing on the fs timescale, but are essential to bring groups in apposition
to permit the fast dynamic motion to be coupled to transition state formation.2,7–11

Experimental evidence for coupling fs motion to barrier crossing has been recently
reported,12 but additional experimentation is limited. Indeed, it has been argued that fs-ps
timescale motions are not directly linked to transition-state formation.13 Here we alter the
atomic mass of HIV-1 protease, a method to change fs motions, and observe links between
bond vibrational dynamics and catalytic rate constants.

In this context, it is important to point out that “dynamics” refers to protein motions that
promote barrier crossing.14 Our experimental approach is focused on the dynamics defined
by fs-timescale vibrational motions of the enzyme, and our aim is to understand how they
relate to transition state formation.

We expressed and purified a construct of HIV-1 protease in minimal media in which the sole
carbon, nitrogen, and hydrogen sources are [13C6, 2H7]glucose, 15NH4Cl, and 99.8 % 2H2O,

*Corresponding Author vern.schramm@einstein.yu.edu.
ASSOCIATED CONTENT
Supporting Information. Experimental procedures, enzyme molecular weight determination by mass spectrometry and light vs.
heavy CD spectra overlay. This material is available free of charge via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
J Am Chem Soc. Author manuscript; available in PMC 2012 December 7.

Published in final edited form as:
J Am Chem Soc. 2011 December 7; 133(48): 19358–19361. doi:10.1021/ja209391n.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


and call this ‘heavy enzyme’. Heavy atom substitution will reduce the frequency of mass-
dependent bond vibrations but, according to the Born-Oppenheimer approximation, should
not affect the electrostatic properties of the enzyme.15 Expression of HIV-1 protease in
heavy media followed by purification in normal water solvents yielded an enzyme with an
11.6% increase in molecular mass (Figure S1). Circular dichroism (CD) spectral analysis
(Figure 1) provides a distinct signal for the beta-sheets present in folded, active HIV-1
protease. The CD spectra for natural isotope-abundance (light) (Figure 1, left) and heavy
(Figure 1, right) enzymes show that the isotopologs are structurally identical (an overlay of
the data in Figure 1 can be found as Supporting Information, Figure S2). These data confirm
that isotopic labeling of the enzyme has not affected its structural integrity. Therefore, any
observed effects of the isotopic substitution on rate constants are unlikely to be attributed to
misfolded or unproductive enzyme forms (also see below).

HIV-1 protease is useful for these studies because it; 1) is a small homodimer of 99 amino
acids,16,17 2) has well-defined chemical and conformational steps with defined substrates,18

and 3) has a well-characterized reaction mechanism with convenient assays using
fluorescent peptides.19

Cleavage of the fluorescent peptide by HIV-1 protease can be described by the mechanism
shown in Scheme 1, where E is the enzyme, A is the fluorescent peptide substrate, X is the
gem-diol intermedieate, and P, Q are the product peptides.

The reaction initiates with substrate binding, a process requiring the flexible “flaps” to close
over the catalytic site18 – followed by activation of a water nucleophile through hydrogen
bonding to the catalytic di-aspartyl residues.20 A reversible gem-diol intermediate is formed
at the catalytic site, a result of the attack of the nucleophilic water on the carbonyl of the
scissile peptide bond (denoted by k3).21–24 The breakdown of the C-N bond cleavage
follows and is denoted by k5.

The peptide substrate used herein (aminobenzoyl-Thr-Ile-Nle*pNO2-Phe-Gln-Arg-NH2;
where *denotes the scissile bond) contains an aminobenzoyl group that emits a fluorescent
signal at 420 nm when excited at 340 nm. The signal is quenched in the uncleaved peptide
by the pNO2-Phe in the P1′ position. Bond cleavage separates the fluorescent aminobenzoyl
group from the pNO2-Phe quencher and results in an approximately 5-fold fluorescence
increase relative to the un-cleaved peptide.19

Previous analysis using the same peptide showed that the steady-state rate is limited by the
final chemical step (k5).19 Thus, saturation kinetics obtained at 340 nm excitation will
provide a kcat value that reports on a chemical step. Substrate saturation curves for the light
and heavy enzymes at 340 nm excitation and 420 nm emission give kcat values of 3.28 ±
0.08 s−1 and 2.75 ± 0.08 s−1, respectively, giving an effect of 1.19 ± 0.05 (a catalytic rate
reduction of 16% for the heavy enzyme) (Figure 2, Table 1). The saturation curve is also
shown for the 15N-only labeled enzyme where the change in mass is small and the substrate
saturation curves for 14N and 15N-labeled enzymes are superimposable. Its kcat value of 3.39
± 0.08 s−1 reproduces and supports the rate observed for the light enzyme. The Km value for
the light enzyme of 8.7 ± 0.7 µM was also equal in value to that for the 15N-labeled enzyme
(9.1 ± 0.6 µM), but lower than the Km of 14 ± 1 µM measured for the heavy (2H, 13C, 15N)
enzyme.

In addition to the steady-state analysis, we have applied an additional approach that permits
observation of an enzyme-intermediate complex under pre-steady-state conditions. Energy
transfer between the enzyme and the peptide intermediate can be observed when the
complex is excited at 280 nm and monitored at >400 nm emission, which results in a 6.5-
fold fluorescence increase relative to the product.19
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The pre-steady-state burst kinetics were analyzed during the first milliseconds of the
reaction using a stopped-flow spectro-fluorometer (Figure 3). Equation 1 was used to fit the
approach to the steady state, where F(t) is the relative fluorescence at time t, A0 is the
amplitude of the fluorescence change for the burst phase, kobs is the rate constant of the burst
phase, and v is the steady-state rate25:

(1)

Reactions were performed under conditions of near-saturating substrate concentrations,
which simplifies the kinetic model to Scheme 2.25

The burst observed during the first milliseconds of the reaction at 280 nm excitation reports
on the rapid accumulation of an enzyme intermediate (Figure 3). As studies have confirmed
the accumulation of a tetrahedral gem-diol intermediate21–24 (EX), the fluorescent burst is
assigned to its accumulation. Fitting the data in Figure 3 to Equation 1 gives a kobs of 142 ±
5 s−1 for the light enzyme compared to 90 ± 4 s−1 for the heavy enzyme, where errors reflect
the standard error of the mean (n = 6). This result means that at least one of the rate
constants that determines kobs for the formation of the complex (kobs = k3 + k4 + k5)25 is
altered due to the isotopic substitution (the total effect of which is 1.58 ± 0.09; a rate
reduction of 37%). The k3 and k4 rate constants represent barrier crossing in the forward and
reverse direction, respectively, for the attack of the water nucleophile. As k5 is the limiting
rate for kcat, which is much slower than kobs (Figure 3 and Table 1), the observed effect on
kobs is likely influenced predominantly by water attack to form the diol intermediate and not
C-N bond breaking. The result implies that altered dynamic motion of HIV-1 protease
reduces the probability of barrier crossing for water attack by approximately 37%.

The steady-state rate (v) obtained from fitting the data in Figure 3 to Equation 1 for the light
enzyme was 5.00 ± 0.04 fluorescence units per minute (FU min−1) and 4.47 ± 0.05 FU
min−1 for the heavy enzyme, indicating an effect of 1.12 ± 0.02 (an 11% rate reduction). At
100 µM substrate concentration the enzyme is not fully saturated and a slight difference in
the concentration of the EX complex results from the altered Km values and accounts for
part of the observed effect on v. However, reduced kcat for the heavy enzyme was observed
in the substrate saturation kinetics obtained at 340 nm excitation (Figure 2, Table 1), which
reflects a 16% decrease in k5 due to increased protein mass, as previously discussed.

The effect on kcat/Km is 1.90 ± 0.24, which is consistent with the effect of 1.58 ± 0.09 on (k3
+ k4), within experimental error. This suggests that the overall catalytic effect of the heavy
enzyme can attributed to rates which are linked to barrier crossing as opposed to an effect on
binding.

In addition to structural comparisons shown in the CD spectra in Figure 1 and the
confirmation of equal amounts of total protein in the experiments, further comparison of the
amounts of active enzyme can be obtained by extrapolating the slope of the steady-state
region in Figure 3 to the y-axis. The intercept approximates the concentration of substrate
bound to catalytically competent enzyme.25 The difference in EX concentration for the light
and heavy enzyme using this method is 3.2% (given by the light y-intercept divided by the
heavy y-intercept, or 0.0477/0.0462). The predicted fractions of bound enzymes, based on
their measured Km values, are 92.0% and 87.7% for the light and heavy HIV-1 protease,
respectively; a difference of 4.3%. This difference correlates well with the 3.2% difference
observed from the y-intercept values, confirming that active enzyme is proportional to the
total protein concentration for both the light and heavy enzymes.
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The data herein show that with independent experimental procedures, a consistent and
significant reduction in rate can be observed as an effect of heavy atom substitution in
HIV-1 protease. A possible interpretation of the data is that fs motions are linked to events
leading to barrier crossing in the catalytic reaction. A similar interpretation has been
proposed in a related study.12 It has been hypothesized that enzymes sample various
interactions with the reactant until a state that can promote the passing of the chemical
barrier is reached.7 In this model, reducing the frequency of the bond vibrations would
reduce this sampling rate, which would lead to a decreased probability of crossing the
chemical barrier(s), reflected in reduced catalytic rate constants as observed herein.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Circular dichroism (CD) spectral analysis. Spectra obtained from 10 µM light (left) and
heavy (right) HIV-1 protease in 50 mM MES-Tris pH 6.0 and 1.25 M NaCl are shown. Each
trace represents an average of five scans and each graph shows traces from three
independent samples. An overlay of the heavy and light spectra is shown as Supplementary
Information, Figure S2.
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Figure 2.
Saturation kinetics of light, 15N-labeled and heavy HIV-1 protease. Steady state kinetic rates
of product formation are plotted as a function of fluorescent substrate concentration.
Catalysts are 10 nM light (blue), 15N (pink), and heavy (black) HIV-1 protease. Curves were
plotted as a function of initial rate (vi) of product formation and substrate concentration and
were fit to the equation vi = kcat[E][A]/(Km + [A]).
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Figure 3.
Pre-steady-state burst kinetics. Substrate (100 µM) was mixed with either 10 µM light (blue)
or heavy enzyme (black) and the reaction was monitored at 280 nm excitation with a >400
nm emission filter. Curves were fit to Equation 1 and the kinetic constants are listed in Table
1. Each dashed line represents the slope of the steady-state phase extrapolated to the y-axis,
which is proportional to the concentration of the EX complex for the corresponding enzyme.
The inset window shows first 30 ms of the reaction and illustrates the magnitude of the
difference observed in the burst rate constants for the heavy and light enzyme.
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Scheme 1.
Kinetic mechanism of HIV-1 protease
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Scheme 2.
Simplified mechanism for pre-steady-state kinetic analysis
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Table 1

Kinetic constants for light and heavy HIV-1 protease

measured light enzyme 15N enzyme heavy enzyme light/heavy

akcat
3.28 ± 0.08 s-1 3.39 ± 0.08 s-1 2.75 ± 0.08 s-1 1.19 ± 0.05

aKm
8.7 ± 0.7 µM 9.1 ± 0.6 µM 14 ± 1.2 µM 0.62 ± 0.07

bv 5.00 ± 0.04 FU min-1 - 4.47 ± 0.05 FU/min 1.12 ± 0.02

bkobs
142 ± 5 s-1 - 90 ± 4 s-1 1.58 ± 0.09

a
Obtained from fitting the data in Figure 2 to vi = kcat[E][A]/(Km + [A]).

b
v and kobs obtained from stopped-flow data fit to Equation 1 from 280 nm excitation monitored with a 400 nm emission filter.
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